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Urbanized landscapes contain some of the most complex and rapidly changing 
ecosystems found on Earth. The habitat characteristics of urban areas, such as noise level, 
building size and material, human activities, and microclimates can be more variable than 
those in unurbanized areas. Though urbanization has extirpated some species, and 
disrupted the life history and behavior of many others, research has identified patterns of 
species success at varying levels of urbanization. The most successful and prevalent apex 
predators in urban areas globally are raptors. This success is largely enabled by their high 
levels of mobility, intelligence, and generalism. The goal of this research is to gain 
insight to raptor population dynamics in the urban environment of Reno-Sparks, Nevada, 
USA, by examining: 1) the distribution of raptor species’ nesting sites along an urban 
density gradient, 2) the breeding ecology of urban Red-tailed Hawks, and 3) the human 
perceptions of Red-tailed Hawks in the urban area.  
 
The first study attempts to elucidate patterns in species’ nest-site selection along the 
urban density gradient (from the urban fringe to the urban core). Between 2014–2016 we 
recorded 171 individual nests belonging to nine species: Golden Eagles (Aquila 
chrysaetos), Osprey (Pandion haliaetus), Great Horned Owls (Bubo virginianus), Red-
tailed Hawks (Buteo jamaicensis), Swainson’s Hawks (B. swainsoni), Red-shouldered 
Hawks (B. lineatus), Cooper’s Hawks (Accipiter cooperii), Sharp-shinned Hawks (A. 
striatus), and American Kestrels (Falco sparverius). The study also introduces a versatile 
and replicable method of modeling urban density at the land parcel-level based on the 
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number of residents, number of employees, building height, and building footprint. Urban 
density was calculated at four spatial scales around each nest (nest site, macrohabitat, 
nearest-nest midpoint, and landscape). Based on initial plots and descriptive statistics, 
Accipiter species and Red-tailed Hawks nested along the widest ranges of the urban 
density spectrum and nested closest to the urban core, while Golden Eagles and 
Swainson’s Hawks nested on the urban fringe. Great-horned Owls nested in more urban 
areas than Red-tailed Hawks at the population level but did not extend as deeply into the 
urban core. Urban density was lowest at the nest-site scale, and the highest at the nearest-
nest midpoint and landscape scales. Species tended to occupy a wide range of the 
building-footprint spectrum, indicative of their use of suburban landscapes, but not the 
building-height or employee spectrum. The density spectrum for each scale was binned 
into five equal ranges to test whether species nested in different sections of the urban 
gradient. A Fisher’s exact test revealed that the species showed little differentiation along 
the urban density gradient at the population level (P = 0.90). This study was not 
exhaustive of nest sites, nor of the total nesting species in the study area, but should still 
be a sound depiction of the distribution of nesting raptors in this urban area.  
 
The second study explores the nestling diet, parental roles, nest success, and productivity 
of Red-tailed Hawks relative to urban density and land cover type. Nests were observed 
between 6:30–8:30 h and 9:00–11:00 h during one random day in each of four date 
ranges after hatch (3–10 d, 11–18 d, 19–26 d, and 27–34 d) using nest cameras, and 
researcher and citizen scientist observations. The elements of breeding ecology were 
compared with urban density and land cover type at the same four spatial scales used in 
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Chapter 1 using generalized linear or multinomial models. We calculated the diversity of 
prey items for each nest using Shannon’s diversity index and found that prey diversity 
decreased when the dominant land cover type was built-impervious or riparian and the 
landscape scale. The mammalian prey comprised the greatest portion of the nestling diet 
overall and increased in suburban densities compared to the urban core or fringe. This 
trend was complimented by avian prey which decreased in the suburban areas and 
increased in the urban core and fringe. Reptilian prey decreased with urban density. The 
proportion of feeding events conducted by the female decreased with urban density 
following a negative curve at the nearest-nest scale. The population’s nesting success rate 
was 84.25%. Nest success for individual pairs decreased in riparian areas, and increased 
in grassland and shrub-covered areas at the nearest-nest scale. The number of fledglings 
followed a decreasing trend with urban density at the nest-site scale and overall fledge 
rate per nest decreased in riparian habitat at the landscape scale. The productivity of this 
population was 2.13 – high relative to populations in other study areas. Many patterns 
were identified in this study that may result in positive or negative outcomes for the 
nesting attempts, but the overall nest success and productivity of this population is high 
relative to populations elsewhere. The results of this study reflect the high levels of 
dietary and habitat generalism of Red-tailed Hawks, as well as some of their habitat 
limitations. 
 
The third study assesses the human perceptions of raptors in the Reno-Sparks urban area 
as humans’ attitudes towards a species can heavily influence the species’ survival. During 
the fledging period of 2016 we surveyed 280 homes in the Reno-Sparks area about their 
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perceptions of and interactions with Red-tailed Hawks. We surveyed the five homes 
closest to a nest, and five homes ≥740 m away from the nest and ≥100 m from each other. 
Survey questions addressed elements of the human-raptor relationship such as whether 
the residents who had domestic animals threatened by raptors were more likely to dislike 
them. We also observed these elements relative to age to whether residents lived near or 
far from nests. Among residents, 70% viewed hawks positively, 3% negatively, and 27% 
indifferently. Results from generalized linear mixed models indicated that whether 
residents had domestic animals threatened by hawks, or raised chickens, did not impact 
whether the resident felt positively about hawks. Age did not predict residents’ 
perceptions of hawks with high probability but negative perceptions were clustered 
between 40 and 70 years of age. A mediation analysis revealed that human experiences 
with hawks (e.g. observing hawks) fully mediated the relationship between resident 
proximity to a nest and their perceptions of hawks (P < 0.001). To clarify, residents living 
near a nest resulted in them viewing hawks positively but this was because residents were 
experiencing the hawks, not just living near them. We conducted a second mediation 
analysis that revealed that resident perceptions of hawks only partially mediated the 
relationship between resident proximity to a nest and their perceptions of hawks, and did 
so to a lesser extent than in the first mediation model. Sobel tests substantiated our 
mediation analyses (P < 0.005). These findings showed that living near a nest and 
experiencing hawks will lead to humans viewing them more positively while addressing 
the scenario in which residents observe hawks because they view them positively. While 
some cases of raptor persecution likely occur throughout the year in our study area, the 
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results of our study suggest that active human persecution is unlikely to be a major 
influence in preventing raptors from nesting successfully. 
 
These three studies create a baseline understanding of raptor ecology along the urban-
rural gradient in Reno and Sparks. Combined, they consider multiple critical facets of 
raptor existence by involving scientific inquiry at the community level, population level, 
and in the context of human attitudes. The results from these studies help portray raptor 
existence in this urban area, and can be used to assess ecological and cultural shifts in the 
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Table 1. Beta coefficient estimates from optimal generalized linear models, as selected by 
AICc values, identifying the impacts of urban density and land cover type on diversity of 
nestling diet, parental roles, nest success, and productivity of Red-tailed Hawks at 
multiple spatial scales. Optimal models either contained land cover or urban density 
predictor variables. Urban density and land cover were calculated within four radii of the 
nest: 11.3 m (nest-site scale); 250 m (macrohabitat scale); 740 m (average intraspecific, 
nearest-nest midpoint scale); and 1500 m (landscape scale). Land cover classes in the 
optimal models included riparian, tree, built-impervious, or shrub. Diet diversity was 
calculated using the Shannon diversity index. The null model was the optimal model for 
nestling diet diversity and proportion of prey delivery events (male/female), and are not 
presented.  
 
Table 2. Results from optimal multinomial model as selected by AICc value identifying 
differences in nestling prey composition (avian, reptilian, and mammalian) relative to 
urban density and land cover type at multiple spatial scales. Urban density was calculated 
within four radii of the nest: 11.3 m (nest-site scale); 250 m (macrohabitat scale); 740 m 
(average intraspecific, nearest-nest midpoint scale); and 1500 m (landscape scale). The 
prey class listed as a factor is in comparison to mammalian prey.   
 
Table 3. Nest success rates when calculated by the apparent nest success method and 
productivity from 2015 and 2016 (Y₁, Y₂) from our study accompanied by results from 





Table 1. Results from generalized linear mixed models showing the influence of factors 
upon residents’ perception of hawks. Resident perceptions of hawks were recoded as 1 = 
Negative or Indifferent, and 2 = Positive. This logistic regression framework produces 
coefficients based on when the result is not the dependent variable, or when else.    
 
Table 2. Results from the mediation analyses for the target model (predictor  = proximity 
to a nest, mediator = resident interaction with hawks, and response = resident perception 
of hawks) and alternative model (predictor = proximity to a nest, mediator = resident 
perception of hawks, and response = resident interaction with hawks). The Sobel z test 











Figure 1. Map of the study area spanning the cities of Reno and Sparks, NV, and their 
situation in western Nevada.   
 
Figure 2. Density surfaces created at the nearest-nest scale (670-m radius) displayed with 
40% transparency atop aerial imagery of the study area. Lighter areas indicate higher 
density. A) Residential density, B) employment density, C) building-height density, D) 
building-footprint density, and E) all urban density metrics summed together for an index 
of urbanness. White lines indicate major roadways.   
 
Figure 3. Species’ percentile based on the sum of the inverse-rank weights across four 
spatial scales for the full urban indices. Accipiters ranked atop the list, followed by Great-
horned Owls (68th percentile), Red-tailed Hawks (53rd percentile), Osprey (47th 
percentile), American Kestrels (37th percentile), Red-shouldered Hawks (37th percentile), 
Swainson’s Hawks (32nd percentile), and Golden Eagles.    
 
Figure 4. Species’ nest-site locations relative to urban density level based on four 
summed density metrics (residents, employees, building-footprint area, and building 
height) calculated for four spatial scales around the nest. Species abbreviations: ACHA – 
Accipiters hawks (Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – 
American Kestrels, GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – 
Osprey, RSHA – Red-shouldered Hawks, RTHA – Red-tailed Hawks, SWHA – 
Swainson’s Hawks.  
 
Figure 5. Species’ nest-site locations relative to employment density level calculated at 
four spatial scales around the nest. Species abbreviations: Species abbreviations: ACHA 
– Accipiters hawks (Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – 
American Kestrels, GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – 
Osprey, RSHA – Red-shouldered Hawks, RTHA – Red-tailed Hawks, SWHA – 
Swainson’s Hawks.   
 
Figure 6. Species’ nest-site locations relative to building-footprint area density level 
calculated at four spatial scales around the nest. Species abbreviations: ACHA – 
Accipiters hawks (Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – 
American Kestrels, GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – 
Osprey, RSHA – Red-shouldered Hawks, RTHA – Red-tailed Hawks, SWHA – 
Swainson’s Hawks.   
 
Figure 7. Species’ nest-site locations relative to building-height density level calculated at 
four spatial scales around the nest. Species abbreviations: ACHA – Accipiters hawks 
(Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – American Kestrels, 
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GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – Osprey, RSHA – Red-
shouldered Hawks, RTHA – Red-tailed Hawks, SWHA – Swainson’s Hawks.   
 
Figure 8. Species’ nest-site locations relative to residential density level calculated at four 
spatial scales around the nest. Species abbreviations: ACHA – Accipiters hawks 
(Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – American Kestrels, 
GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – Osprey, RSHA – Red-






Figure 1. Red-tailed Hawk nests mapped atop the Reno-Sparks urban area.   
Figure 2. Camera attached to 10-foot metal pole to view into nests located in remote parts 
of the tree. 
Figure 3. Stacked bar plot displaying the frequency of prey items fed to nestlings for both 
breeding seasons.  
Figure 4. Nest diet composition at the class level for the respective study years (2015, 
2016). Ukwn = unknown.     
Figure 5. Parental feeding roles for total population across respective breeding seasons. 
Figure 6. Prey delivery roles for total population across respective breeding seasons. 
Figure 7. Proportions of prey classes (Mammalia : Non-Mammalia, Aves : Non-Aves, 
and Reptilia : Non-Reptilia) across the urban density gradient. Urban density is measured 
on a scale of 0–1 (shown here when density is calculated within a 1500 m radius around 
the nest). The most urban Red-tailed Hawk nest is at 0.83 on the density spectrum. 





Figure 1. Map of study area and nest sites that provided the center points for surveyed 
homes.  
Figure 2. The surveyed homes associated with each nest: the five homes closest to a nest, 
and five houses that were ≥740 m away from the nest and ≥100 m from each other.  
Figure 3. Mediation analyses. A) Target model: the direct effect of resident proximity to a 
nest and their perceptions of hawks, and the indirect effect of resident proximity to a nest, 
resident experiencing hawks, and resident perception of hawks. B) Alternative model: the 
direct effect of resident proximity to a nest and whether they have experienced with 
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hawks, and the indirect effect of resident proximity to a nest, their perceptions of hawks, 
and resident experiencing hawks. ‘***’ indicates P < 0.001. a, b, c = observed model 
coefficients, c’ = coefficient of the direct effect when accounting for the indirect effect. 












The wildlands of Earth are urbanizing: the process by which human settlement 
transforms uninhabited lands into areas that support human life and structures (Garaffa et 
al. 2009). Urbanization is driven by human population growth and immigration to urban 
areas (United Nations 2004) resulting in the urban expansion engulfing neighboring 
habitats. Globally, urbanization is predicted to be the most important factor in species 
extinction throughout the 21st century and urban ecology research is gaining prominence 
in the environmental research fields (Marzluff et al. 2001; DeStefano and DeGraaf 2003). 
In the United States, urbanization is the second most prevalent driver of species 
endangerment, behind invasive species, followed by other anthropogenic disturbance in 
the forms of agriculture, outdoor recreation, domestic livestock production, and running-
water diversion, sequentially third through sixth (Czech and Krausman 1997). While 
predators are typically the first species to be extirpated by urbanization some have been 
able to sustain populations along the urban-wildland gradient: a topic in need of further 
research (Sorace 2002; Chace and Walsh 2006; Sorace and Gustin 2008).   
Though raptors are sometimes considered especially sensitive to urbanization (Boal and 
Mannan 1999), many have shown the ability to adapt and habituate to urbanization and 
are increasing their use of urban landscapes (Chaceand Walsh 2006; Hager 2009; Sorace 
and Gustin 2009). The habitat heterogeneity and increase in prey biomass in urban areas 
attract raptor species that are habitat and dietary generalists (Sorace and Gustin 2008; 
Rullman and Marzluff 2014). These attractions have resulted in urban areas hosting the 
densest raptor populations for some raptor species, including: Peregrine Falcons in New 
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York City, NY and Berlin, Germany; Cooper’s Hawks in Arizona and Wisconsin, USA; 
Black Sparrowhawks in Durban, S. Africa; and Goshawks in Moscow, Russia, and 
Hamburg and Cologne, Germany (Rosenfield et al. 1996; Love and Bird 2000). Urban 
raptor populations have shown differences in breeding phenology, nesting ecology, and 
feeding behavior when compared to rural raptor populations, and provide different and 
more relevant ecosystem services (Estes and Mannan 2003; Chace and Walsh 2006; 
Whelan et al. 2008; Whelan et al. 2015). 
Raptors provide important ecosystem services, primarily related to their wide dietary 
niche breadth (Santana and Temple 1988; Estes and Mannan 2003; Whelan et al. 2008). 
Raptors globally help prevent mesopredator communities from overpopulating 
ecosystems, and help prevent pest outbreaks and disease transition to humans and 
domestic animals. Recording the diet and consumptive patters of raptors provides insight 
into other phenomena such as the status of prey populations, trophic structure changes in 
the environment, differences between urban and rural environments (Keeley et al. 2016), 
biomagnification of pollutants (Kitowski et al. 2016), and disease transmission to 
nestlings (e.g. trichomoniasis; Estes and Mannan 2003). Methods used to record prey diet 
are becoming less invasive to the focal species (Barrett et al. 2007). Using materials such 
as plastic cable-ties or pipe cleaners for neck ligatures, or extracting stomach contents has 
become uncommon. Methods such as fecal or pellet analysis, or remote detection 
techniques such as wildlife cameras have become the primary methods used to identify 
nestling diet (Estes and Mannan 2003; Miller et al. 2015; Keeley et al. 2016). 
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Red-tailed Hawks (Buteo jamaicensis) are one of the most populous and widespread 
raptor species in the northwestern hemisphere. Spanning the Caribbean islands, Central 
America, and the entire North American continent, they successfully nest on any 
unmolested, elevated structure in nearly all available habitat types, including urbanized 
regions. As a habitat and dietary generalist, Red-tailed Hawks are one of the largest apex 
predators to regularly and consistently inhabit North American cities. Of the urban Red-
tailed Hawk studies, many have focused on physical environmental traits such as 
landscape pattern metrics and land cover excluding elements of the human presence. 
 
Research that is conducted in urban areas, where scientists will be working largely on 
private property, may take advantage of citizen engagement opportunities (Vargo et al. 
2012). Research incorporating the local residents can lead to valuable environmental 
education opportunities (McKinney 2002; Vargo et al. 2012), increase the study’s sample 
size and data collection abilities (McCaffrey and Turner 2012; Rotenberg et al. 2012; 
Bonney et al. 2014), and can influence human perceptions and the future conservation of 
the study’s focal organism in a “bottom-up” manner (Kellert et al. 1996; McKinney 2002; 
Van Velsor 2004; Kubo and Supriyanto 2010).  The relationships formed between 
scientists and the public can develop voluntary public cooperation in relieving the species 
or environment of concern from anthropogenic pressures without large-scale campaigns 
to shape public attitude (Kubo and Supriyanto 2010). Disregarding good rapport with 
residents and approaching the dynamic with a utilitarian perspective can result in an 
“Ivory Tower” dynamic rather than one of community engagement, respect, and shared 
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interests (Poulsen and Luangleth 2005; Vargo et al. 2012), fulfilling one definition of the 
term “ecological colonialism” (Vargo et al. 2012).   
 
Additionally, in areas of high human presence it is also critical that ecological research also 
explore the human activities and attitudes that will impact the research’s focal organism as 
these actions often influence how the humans behave toward the species or their habitat 
(Peterson et al. 2010; Belaire et al. 2015). This is commonly done through human 
perceptions surveys (Oli et al. 1994; Kussui 2008; Lucherini and Merino 2008; Belaire et 
al. 2015). Human perceptions of environment are also important in mitigating potential 
human-wildlife conflicts. Residents’ perceptions of predators are not always accurately 
based on the predator’s behavior. This disconnect can be caused by the cultural influences 
and personal values of the resident (Dickman 2010; Miller et al. 2016), resulting in 
misdirected persecution or a lack of conservation effort. While social surveys can yield 
results that are biased or imprecise, they often paint a good picture of the general cultural 
perceptions (Fowler 2013).  
 
This research takes advantage of the urban raptor community in Reno and Sparks, 
Nevada. This study area is representative in population and development history of many 
other desert cities in North America and the world (Trammel 2011). Reno and Sparks are 
adjacent cities situated in the rainshadow of the Sierra Nevada mountain range. They are 
located centrally along the Pacific Flyway migration corridor and though an official 
raptor census has not been recorded in the region, 22 raptor species were documented in 
the Atlas of the Breeding Birds of Nevada (Floyd 2007). These cities are built upon the 
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Truckee Meadows riparian area, which has largely been converted to urban and suburban 
lands. The size and varying density levels of the area make the area ideal for urban 
ecology research because it contains well defined urbanization gradients. This region 
represents a medium-sized urban area which has grown rapidly in recent decades and 
growth is expected to double in the next 40 years (Hardcastle 2010a). The growth of this 
urban area is on par with those in the rest of the western United States where population 
growth occurs at 2–3 times faster than elsewhere in the country (Keeley et al. 2016). 
Studying raptors in an area that is projected to grow rapidly can help identify important 
land cover characteristics prior to urban expansion and important habitat reserves 
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 CHAPTER 1 






Raptors are the most prevalent group of urban-apex predators, and the majority of raptor 
genera in North America have been recorded using urban areas. Prior research 
assessments along an urban-wildland gradient show urban habitat preference varies by 
raptor species. In addition, raptor nesting preferences in urban settings may vary, and 
attempts to understand the intra- and inter-specific nesting patterns along an urban 
gradient would advance extant knowledge.  Here we present the locations of individual 
nest sites of nine raptor species along an urban gradient in Reno-Sparks, NV. We 
developed a parcel-level urban density model based on the number of residents, number 
of employees, building footprints, and number of floors for built structures measured 
within four radii around each building, representing the nest site (11.3 m radius), 
macrohabitat (250 m), average nearest-nest midpoint (670 m), and landscape (1500 m) 
scales. Cooper’s Hawks (Accipiter cooperii), Sharp-shinned Hawks (A. striatus), and 
Red-tailed Hawks (Buteo jamaicensis) nested across the widest range of the urban 
spectrum and closest to the urban core, whereas Golden Eagles (Aquila chrysaetos) and 
Swainson’s Hawks (B. swainsonii) nested on the urban fringe. Urban density for all nest 
locations was lowest at the nest-site scale, and the highest at the average nearest-nest and 
landscape scales. Raptors tended to occupy a wide range of the building-footprint density 







Urban development impacts apex predators globally, many of which are unable to 
withstand the inherent ecosystem alterations and disturbance (Woodroffe 2000; Crooks 
2002; Treves and Karanth 2003). Raptors are often the most fit apex predators for urban 
living, because many are habitat and dietary generalists, and exhibit behavioral and 
demographic plasticity (Sorace 2002; Chace and Walsh 2006; Sorace and Gustin 2009). 
Raptors are also some of the predators best at habituating to anthropogenic disturbances 
(Love and Bird 2000; Chace and Walsh 2006). This synurbanization has led to 
traditionally elusive raptors increasingly using urban areas (Love and Bird 2000; Luniak 
2004; Rutz 2006; Hager 2009). In North America, 42 raptor species have been recorded 
using urban areas for at least some part of their life history processes (Hager 2009). The 
habitat complexity and the increase in prey from the small mammal–human 
commensalism and bird feeders in urban areas, has helped enable higher nesting densities 
and success rates for some raptor populations when compared to their intraspecific, rural 
counterparts (Rosenfield et al. 1996; Smith et al. 1999; Luniak 2004, Marzluff 2005, 
Chace and Walsh 2006). Raptors that commonly nest successfully in – and sometimes 
prefer – urbanized landscapes in the United States include: Mississippi Kites (Ictinia 
mississippiensis), Peregrine Falcons (Falco peregrinus), American Kestrels (F. 
sparverius), Great-horned Owls (Bubo virginianus), Ospreys (Pandion haliaetus), Red-
shouldered Hawks (Buteo lineatus), Red-tailed Hawks (B. jamaicensis), Swainson’s 
Hawks (B. swainsoni), and Cooper’s Hawks (Accipiter cooperii; Cade et al. 1996; 
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Meyburg 1996; Park 1996; Rosenfield et al. 1996; Bosakowski and Smith 1997; Berry et 
al. 1998; Rottenborn 2000; Chace and Walsh 2006).  
 
Previous investigators have explored a wide range of ecological topics with urban raptors 
including: nest site selection and success by nesting substrate (Rottenborn 2000); diet 
(Zalewski 1994; Estes and Mannan 2003; Cooke et al. 2006); home range (Mannan and 
Boal 2000; Rutz 2006; Morrison et al. 2016); fledging rates and success (England et al. 
1995; Tordoff and Redig 1997); general reproductive success (Bloom and McCrary 
1996); nesting density (Rosenfield et al. 1996); raptor predator abundance (Tella et al. 
1996); land cover/landscape characteristics related to species or prey presence 
(Bosakowski and Smith 1997; Stout 2006a; Rullman and Marzluff 2014); and urban 
threats such as roads (Loos and Kerlinger 1993; Sweeney et al. 1997; Poole et al. 2002; 
Roth et al. 2005), electrocution (Dawson and Mannan 1995), shooting (England et al. 
1997), and disease (Cade et al. 1996; Boal and Mannan 1999; Mannan et al. 2008). 
Previous studies suggest that the majority of species tend to inhabit areas of low levels of 
urban density, where scattered trees and vegetated patches provide significant hunting, 
nesting, and perching resources (Love and Bird 2000; Chace and Walsh 2006).  
 
Many classification methods have been generated to quantify urban areas for raptor 
research. The National Land Cover Dataset and Hepinstall-Cymerman et al. (2009)’s 
classification method subcategorize the amount of impervious surface as recorded by 
Landsat imagery (30-m  resolution) into heavy-intensity urban, medium-intensity urban, 
and light-intensity urban classes (Dykstra et al. 2012; Rullman and Marzluff 2014). 
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Urban raptor studies have also used information such as the distance to human habitation, 
distance from urban core to fringe, number of buildings, human population estimates, or 
amount of suburban area, using high-resolution aerial photographs from IKONOS or 
locally contracted operations (Bosakowski and Smith 1997; Stout et al. 2006a, b; Garaffa 
et al. 2009). Other urban land cover classifications used in raptor research include: 
industrial, agricultural, and commercial cover (Boal and Mannan 1999), parking areas 
(Stout et al. 2006a, b), non-paved open area, constructed area, canopy cover, and rural 
area with cattle or agriculture (Garaffa et al. 2009). Alternatively, some studies describe 
urbanization qualitatively or present urban as self-defining (Rottenborn 2000; Crooks et 
al. 2004; Kristan et al. 2004; Rutz 2006; Cooke et al. 2006; Morrison et al. 2016). 
 
The habitat and dietary generalism of many raptors, as well as the attractiveness of 
diverse land cover types and habitat fragmentation in cities to raptors, are generally well 
studied, but the implications of urbanization for the breeding ecology of raptors are less 
understood (Stout et al. 1998, 2006a; Chace and Walsh 2006; Hager 2009). Therefore we 
aimed to identify the specific urban density levels where raptors nest. We present the nest 
locations of nine raptor species (Golden Eagles [Aquila chrysaetos], Osprey, Great-
horned Owls, Red-tailed Hawks, Swainson’s Hawks, Red-shouldered Hawks, Cooper’s 
Hawks and Sharp-shinned Hawks [Accipiter striatus], combined here with Cooper’s 
Hawks as Accipiters, and American Kestrels) along an urban density gradient from 
undeveloped land to an urban core in northern Nevada, USA, from the 2014–2016 
breeding seasons. We generated an urban density model that incorporates footprints and 
height estimates for buildings with fine-scale estimates of human presence, and suggest 
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that the model will be useful for future urban wildlife studies because it is flexible in 




The study area encompasses the greater urban expanse of Reno and Sparks, Nevada, 
USA (39.525694 N, 119.77905 W; 685 km ; Figure 1) and is defined by the following 
physiographic features: 1) the nonurbanized mountains bordering three sides of the urban 
development, 2) the diversion of the Truckee River for human use across the valley, and 
3) the city’s position relative to the Pacific Flyway. The built environment extends 
beyond city boundaries into Washoe County lands. The Reno-Sparks urban area is 
generally composed of 1–3 story buildings with the exception of the urban core and 
individual high-rise buildings. The area of urban core is roughly 1 km  and constitutes a 
small portion of the total urban extent. The size and varying density levels of the urban 
area lead to well defined urbanization gradients. The area had a population of 337,539 in 
2015 within city boundaries (U.S. Census Bureau 2015) and a population of roughly 
410,000–420,000 in the metro area but beyond city boundaries (Truckee Meadows 
Regional Planning Agency 2016). The region’s population grew 28% per decade from 
1980–2010 and may double in size by 2050 (Hardcastle 2010; Trammel 2011). From 
2014–2036 the surrounding area is predicted to add 99,000 residents further driving 
urban expansion, development, and conversion of the urban fringe (Truckee Meadows 





Intensive nest searching occurred from May 2014 to April 2015: in cliff areas during 
leaf–on periods and in patches of deciduous trees during leaf–off periods. We divided the 
study area into 1-km² cells and surveyed ≥1 linear km in each cell. We searched >8,000 
km of independent tracks, and investigated all rock outcrops and cliffs within 1 km of 
urban development. Nests discovered during the initial nest searching period often had 
nestlings present from the previous breeding season. Nests were located by foot, bicycle, 
and automobile. Nest locations were also solicited from local citizens via announcements 
at local establishments and organizations (email blasts, website postings, poster displays) 
and our own digital presence (RaptorsofReno.org, and the Reno Hawk Project on 
Facebook and Twitter). All project descriptions stated that the birds would not be handled 
by researchers and that the final list of nest locations would not be released to the public 
at any time in order to alleviate wariness in residents about researchers interfering with 
nests (Webster and DeStefano 2004). Thirteen nests were submitted to our project via 
public accounts (only used if verified by a researcher). We also searched for roof nests 
from atop a 15-story building in the urban core prior to the first year of data collection. 
During subsequent years of the study we concentrated our nest searching efforts from 
January through April. The desert environment contained fragmented tree stands, no 
dense forest, and slight changes in topography contributing to our ability to locate nests.  
 
All used nests from 2014–2016 that were within 1 km of built structures or actively 
human-occupied areas were considered in our study. We considered any nest containing 
eggs or young as used. Nests used multiple years were not recounted each year. This 
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study is not considered exhaustive of total nests or nesting species in the study area as we 
acknowledge that errors of nonobservation are a common source of bias in raptor nest 
searches (Scheaffer et al. 1996). Our nest searching methods were also biased towards 
diurnal species and we did not search for cavity or ground nests beyond cliffs and rock 
outcrops.   
 
Urban Density Metrics   
Our urban density model was based on four urban metrics: the building-footprint area 
(m2), building-height estimates (number of floors), number of employees, and number of 
residents (Washoe County person per household multiplier of 2.56 for housing units 
designated as residential by the Washoe County assessor’s land parcel database) for each 
parcel in the Reno-Sparks urban area (Washoe County Assessor 2014; Truckee Meadows 
Regional Planning Agency). The number of residents, number of employees, and 
building height data were contained in the parcel database and thus were clipped to the 
footprints. We then created centroids of the polygons and executed a kernel density 
function to create rasterized density surfaces for each of the urban density metrics 
(Rodgers et al. 2007). The kernel density function helped maintain the presence of 
building polygons that were reduced to centroids and helped mitigate the edge effect 
better than a regular point density function. Density surfaces were created at four spatial 
scales around the nest and at varying resolutions: 1-m2 resolution for the nest-site scale 
(11.3-m radius around the nest), 2-m2 resolution for the macrohabitat scale (250-m 
radius), and 4-m2 resolution for both the average intraspecific nearest-nest scale (670-m 
radius; excluding Golden Eagles) and the landscape scale (1500-m radius; Figure 2). 
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These spatial scales were selected based on the methods of Gilmer and Stewart (1983) 
and Stout et al. (1998). We rescaled the data to values of 0–1 weighting the metrics 
equally and then summed the four metrics across the four scales to produce indices of 
urbanness. The resulting indices were rescaled to values from 0–1. Urban density values 
were then extracted from the rasterized surfaces to the overlaying nest points. We present 
urban density as a percent.  
 
All data processing was conducted in ArcGIS 10.4 (ESRI 2016), R statistical 
programming software 3.3.2 (R Core Project 2016), and Google Earth 6.2. 
 
Analysis 
Species were ranked by their median urban density value recorded at each density scale, 
then their inverse-rank weights were summed across the scales. We used medians 
because some species had small sample sizes and their means were more influenced by 
outlying points. Results are presented as percentile of the total ranks. Additionally, we 
binned the data at the average nearest-nest scale into five classes, 0–0.2, 0.2–0.4, 0.4–0.6, 
0.6–0.8, and 0.8–1.0, to identify if species’ nest-site associations differed by density 
level. These intervals were most appropriate considering the relative amount of area in 
each class and the species’ typical home range sizes. The average nearest-nest scale most 
accurately represented the range sizes for our study species (excluding Golden Eagles). 
We tested whether species’ associations with the urban density class differed between 






We documented 171 different nests used during the duration of our study (Golden Eagles 
– 11, Osprey – 2, Great-horned Owls – 13, Swainson’s Hawks – 8, Red-tailed Hawks – 
98, Red-shouldered Hawks – 5, Accipiters – 30, and American Kestrels – 4). When the 
inverse-rank weights for each density scale were summed, Accipiters nested in the higher 
urban density areas, ranking atop the inverse-rank weight list, followed by Great-horned 
Owls (68th percentile), Red-tailed Hawks (53rd percentile), Osprey (47th percentile), 
American Kestrels (37th percentile), Red-shouldered Hawks (37th percentile), Swainson’s 
Hawks (32nd percentile), and Golden Eagles (Figure 3). However, the Fisher’s exact test 
showed that species’ nest locations were not associated with different density classes (P = 
0.90). 
 
Full urban index  
At the nest-site scale all species recorded population averages of 0% urban as they rarely 
nested within 11.3 meters of a human-inhabited structure (Figure 4). Individual 
Accipiters, American Kestrel, Great-horned Owl, and Red-tailed Hawk pairs nested 
between 0.5–3% urban. A Great-horned Owl recorded the highest urban density at 3% 
urban after nesting atop a multistory building: the only such occurrence in our study. Six 
Red-tailed Hawk nests were placed atop artificial structures such as utility poles but these 
were not in high density areas as defined by our model. At the macrohabitat scale, Red-
tailed Hawks recorded the highest individual density value of any species nesting at 42% 
urban (Figure 4). At the population level, the bulk of the Accipiters nested near 8% urban 
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(mean = 8%, median = 9%), Red-shouldered Hawks near areas of 4% urban, and Great-
horned Owls, Osprey, Red-tailed Hawks, and Swainson’s Hawks near 2% urban – 
typically in fragments of urban greenspace or on the urban fringe. Golden Eagles and 
American Kestrels nested in the least urban areas of all the species (medians of 0%).  
 
At the average nearest-nest scale Accipiters nested in the densest urban areas (mean = 
14%, median = 14%) followed by American Kestrels (mean = 7%, median = 7%), Red-
tailed Hawks (mean = 8%, median = 5%), and Great-horned Owls (mean = 3%, median = 
5%; Figure 4). Though individual Red-tailed Hawks nested at the highest observed urban 
density levels, up to 63% urban, the majority of the population nested around 7% urban. 
At the landscape scale distributional ranges for most species increased. The Accipiters 
population nested at the highest urban density (mean = 33%, median = 28%), and Great-
horned Owls (mean = 11%, median = 10%), Red-tailed Hawks (mean = 14%, median = 
8%), and Swainson’s Hawks (mean = 9%, median = 7%) nested in areas of about 9% 
urban. Osprey averaged 8% urban but it should be noted that this is a sample of only two 
nests. Red-shouldered Hawks and American Kestrels nested in areas near 5% urban. 
Individual Red-tailed Hawks nested in trees near the urban core at values of 83 and 89% 
urban. Golden Eagles recorded the lowest population mean of 1% urban, median of 0%, 
and a single pair nested at 14% urban.  
 
Individual urban density metrics 
At the population level, Accipiters nested at the highest density levels for all metrics and 
at all spatial scales (Figures 5–8). Accipiters, Great-horned Owls, and Red-tailed hawks 
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frequently nested at higher urban densities for the individual metrics than the other 
species. Species generally recorded the highest values on the building-footprint area 
spectrum and the lowest on the building-height spectrum (Figures 6 & 7): indicative of 
the attractiveness of suburban sprawl and the decrease of nesting habitat in the urban 
core. This is also representative of the study species nesting near individual tall buildings 
but only infrequently. Exceptions to these patterns are the two Red-tailed Hawk nests 
near the urban core and the Great-horned Owl that nested atop the multistory building, 
which was also the highest density value recorded for any individual nest in our study 
area at the nest-site scale (2%). Species’ density values for the employment spectrum 
were moderately high relative to building-height spectrum (Figure 5); although, it should 
be mentioned that many of the large employment facilities in our study area are situated 
adjacent to naturally vegetated or agricultural areas. Along the residential density 
spectrum Accipiters, American Kestrels, Red-shouldered Hawks, and Red-tailed Hawks 
occupied the widest ranges of the study species (Figure 8), representative of their well-
documented use of suburban landscapes in North America (Mannan and Boal 2000; 
Chace and Walsh 2006; Dykstra et al. 2012). 
 
DISCUSSION AND CONCLUSION  
 
This study elucidated the raptor community’s nest-site selection throughout an 
urbanization gradient. Many of the species differ in dietary or nesting substrate 
requirements enabling their co-existence in close proximity to one another. Red-tailed 
Hawks and Great-horned Owls overlapped in nest placement along the urban density 
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spectrum, as expected (Minor et al. 1993; Marti and Kochert 1995). Competition for nest 
sites between these two species occurred throughout the incubation period resulting in 
Great-horned Owls overtaking nests from Red-tailed Hawks on multiple occasions. 
Although Great-horned Owls ranked higher in the inverse-weight ranking of the species, 
Red-tailed Hawks occupied a wider range of the density spectrums and had individual 
nests at higher densities than Great-horned Owls for the majority of the density metrics 
(Figures 4–8). Of eight nests built atop artificial structures – 1 Osprey, 1 Great-horned 
Owl, 6 Red-tailed Hawks – Great-horned Owls were the only species to nest atop a built 
structure occupied by humans. Swainson’s Hawks and Red-tailed Hawks are similar in 
size and form, and had similar median urban density records at some spatial scales. 
Swainson’s Hawks are generally more aggressive and in our study area did not enter the 
urban-wildland interface to the extent of other species. Osprey ranked fourth highest but 
it should be reiterated that this is based on a sample of two nests. Osprey generally 
respond well to urbanization where fish populations are present but do not withstand 
persecution well (Spiter et al. 1985; Chace and Walsh 2006).  
 
Golden Eagles recorded the lowest density rank of all species. Golden Eagles are capable 
of habituating to some human disturbance, but due to their life history traits and habitat 
requirements that are absent in this study area it seems unlikely that they will further 
enter the urban landscape to nest (Phillips et al. 1984; Scott 1985). During the duration of 
this study, residential development encroached within 0.5 km of nesting Golden Eagles 
coinciding with the nesting area being unused the following year for the first time in 
recent years. Other forms of human disturbance of Golden Eagle nests in our study area 
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include graffiti on rock faces adjacent to used nests and recreational shooting throughout 
the year within 0.4 km of nests.  
 
Other raptor species may be found nesting along the urban gradient in our study area 
throughout the year. Northern Harriers (Circus cyaneus) frequent the wetlands that fall 
between the urban core and suburban development. Occasionally Peregrine Falcons can 
be observed in the urban core. During this study pairs were reported nesting on two high-
rise buildings but this was unverified by researchers despite researchers having 
investigated some high-rise rooftops.  
 
The urban fringe can be described as a filter – rather than a barrier – for many raptors 
(Meffe et al. 1997). In our study area Accipiter hawks, Great-horned Owls, Red-
shouldered Hawks, and Red-tailed Hawks entered the urban fringe regularly, Golden 
Eagles and Swainson’s Hawks did so to a lesser extent, and nest frequency for the entire 
community began to decline at roughly 20-30% urban. When considering the urban 
metrics separately, species nested at highest densities of building area and lowest 
densities of building height. This reflects these raptors use the habitat cover and buildings 
associated with moderate (e.g. suburban) development but most of these species rarely 
establish large populations in highly dense urban cores unless fragments of greenspace 
are interspersed. Our results parallel those of Sorace and Gustin (2009) who studied 
diurnal raptor presence across the urban gradients of 27 cities in Italy and found that large 
cities (which our study area would have been considered by their classification methods) 
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most often had diurnal raptors across the urban gradient while raptors colonized denser 
urban areas less often in small towns and rarely in medium-sized towns.  
Being the only apex predator guild that regularly uses the urban core, the raptor 
community provides important ecosystem services to the area, including serving as: 
ecosystem health indicators, agricultural pest managers, and helping prevent 
mesopredator releases (Crooks and Soule 1999; Whelan et al. 2008; Smith et al. 2012). 
Maintaining the mesopredator populations helps suppress disease transmission from 
wildlife to humans, and domestic and feral animals (Centers for Disease Control and 
Prevention, 2006). The raptor species in this study hunted a wide variety of prey with 
varying degrees of individual niche breadth. Red-tailed Hawk nestlings alone consumed 
≥28 species of identifiable prey in the 2015 and 2016 breeding seasons (White et al. 
manuscript in preparation).  
 
Our urban density model attempts to account for human presence by including the areas 
where humans spend a significant portion of their time, and for the density of the built 
environment and its height. The spatial scale, resolution, and metric weights are flexible 
and can be adjusted depending on the research questions and focal species. However, it is 
important to acknowledge some of the model’s limitations. One source of error is the 
inaccuracy of the building shape when reduced to centroids. A second source of error is 
the discrepancies that may exist between the land parcel database and the actual number 
of residents or employees at a given time. Our model assumes all residencies are 
inhabited which is unlikely; however, using the person per household multiplier helps 
reduce this error. Considering our knowledge of the study area, our findings, and the 
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movement habits of our study species, we predict that these sources of error did not 
heavily impact our ability to respond to our research questions. Though imperfect, the 
land parcel database is regularly managed and is likely to be more accurate than remotely 
sensed data collected at fixed spatial and temporal scales, or interpolating or 
extrapolating from a subsample of the urbanscape.  
 
We conclude that raptor populations in this urban-island habitat nest in the urbanized 
areas but largely overlap in areas of low urban density and rarely nest in the urban core as 
delineated by our model. Our study did not examine species-specific nesting success, and 
future research should explore this to determine within what urban density ranges 
individual species can best sustain populations. As raptors are well-liked in this study 
area and provide significant ecosystem services (Chapter 3 of this dissertation), it is 
important that planners and developers consider the ecosystem and societal services 
raptors provide when developing land beyond the urban fringe (Truckee Meadows 
Regional Planning Agency 2016).   
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Figure 1. Map of the study area spanning the cities of Reno and Sparks, NV, and their 












































Figure 2. Density surfaces created at the nearest-nest scale (670-m radius) displayed with 
40% transparency atop aerial imagery of the study area. Lighter areas indicate higher 
density. A) Residential density, B) employment density, C) building-height density, D) 
building-footprint density, and E) all urban density metrics summed together for an index 











































Figure 3. Species’ percentile based on the sum of the inverse-rank weights across four 
spatial scales for the full urban indices. Accipiters ranked atop the list, followed by Great-
horned Owls (68th percentile), Red-tailed Hawks (53rd percentile), Osprey (47th 
percentile), American Kestrels (37th percentile), Red-shouldered Hawks (37th percentile), 
































Figure 4. Species’ nest-site locations relative to urban density level based on four 
summed density metrics (residents, employees, building-footprint area, and building 
height) calculated for four spatial scales around the nest. Species abbreviations: ACHA – 
Accipiters hawks (Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – 
American Kestrels, GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – 
Osprey, RSHA – Red-shouldered Hawks, RTHA – Red-tailed Hawks, SWHA – 
















Figure 5. Species’ nest-site locations relative to employment density level calculated at 
four spatial scales around the nest. Species abbreviations: Species abbreviations: ACHA 
– Accipiters hawks (Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – 
American Kestrels, GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – 
Osprey, RSHA – Red-shouldered Hawks, RTHA – Red-tailed Hawks, SWHA – 
















Figure 6. Species’ nest-site locations relative to building-footprint area density level 
calculated at four spatial scales around the nest. Species abbreviations: ACHA – 
Accipiters hawks (Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – 
American Kestrels, GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – 
Osprey, RSHA – Red-shouldered Hawks, RTHA – Red-tailed Hawks, SWHA – 
















Figure 7. Species’ nest-site locations relative to building-height density level calculated 
at four spatial scales around the nest. Species abbreviations: ACHA – Accipiters hawks 
(Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – American Kestrels, 
GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – Osprey, RSHA – Red-



















Figure 8. Species’ nest-site locations relative to residential density level calculated at 
four spatial scales around the nest. Species abbreviations: ACHA – Accipiters hawks 
(Cooper’s Hawks and Sharp-shinned Hawks combined), AMKE – American Kestrels, 
GHOW – Great-horned Owls, GOEA – Golden Eagles, OSPR – Osprey, RSHA – Red-












Breeding ecology of Red-tailed Hawks (Buteo jamaicensis) relative to urban density and 




The habitat fragmentation and subsidized energy sources that humans introduce into 
ecosystems (e.g. birdseed, gardens) in urban areas enable a denser prey base for raptors 
than is commonly found in wildland areas. To understand how this changes across the 
urbanization gradient and relative to land cover type we observed nestling diet, parental 
feeding behavior, nest success, and productivity of Red-tailed Hawks in the 2015 and 
2016 breeding seasons in Reno-Sparks, NV. Urban density and land cover type were 
measured at four spatial scales around the nest: nest site (11.3 m radius around the nest), 
macrohabitat (250 m radius), nearest-nest midpoint scale (740 m radius), and the 
landscape scale (1500 m radius). Nests were monitored four times during the nestling 
season by nest cameras, researchers, and citizen scientists for two-hour periods 
alternating between 0630–0830 h and 0900–1100 h. Generalized linear models revealed 
that nestling diet diversity, nest success, and fledge rate decreased in riparian areas. Nest 
success increased in shrub and grassland/agricultural areas. Feeding events conducted by 
the female increased with urban density but total feeding events were non-significantly 
impacted by urban density. Multinomial regression models of the dominant prey type fed 
to nestlings at the class level (aves, mammalia, reptilia) indicated that avian prey 
increased relative to mammalian with increasing urban density.  This research clarifies 
some elements of breeding ecology relative to portions of the urban gradient for the 











Though some raptors have shown to be sensitive to urbanization others have adapted and 
habituated to the urban environments, and are increasing their use of urban landscapes 
(Boal and Mannan 1999; Chace and Walsh 2006; Hager 2009; Sorace and Gustin 2009). 
Raptors are also one of few apex predators globally to sustain populations in dense urban 
areas (Love and Bird 2000; Chace and Walsh 2006; Sorace and Gustin 2008). This is 
enabled largely by their mobility, their use of fragmented habitats, the diversity of 
resources supplied by humans (e.g. bird feeders, roadkill), and the broader human–small 
mammal commensalism in urban areas. Thus, raptors can be described as urban adapters 
(rather than urban exploiters or urban avoiders) because they benefit from the energy 
subsidized into the trophic system by humans, but they can also acquire energy from 
wild-produced resources (McKinney 2002).  
 
Prey availability and nestling diet are some of the most important influences on raptor 
population health (Preston and Beane 1993; Newton 1998; Stout et al. 2006b). Hawks 
often need to quickly adjust their diet during the breeding season because of phenological 
shifts in the prey base or in the predator guild (Steenhof and Kochert 1988; Tornber and 
Colpaert 2001; Roth and Lima 2005). Additionally, diseases carried by raptor prey 
species in urban areas can have critical implications for the survival of nestlings (Estes 
and Mannan 2003). Similar detriments occur from unsustainably high levels of lead 
poisoning (Chandler et al. 2004) or rodenticides as found in Red-tailed Hawks (Buteo 
jamaicensis; Murray and Tseng 2008). Nestling diet has been observed in urban or semi-
urban raptor populations, and compared between intraspecific populations of urban 
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versus rural populations (Bielefeldt et al. 1992; Estes and Mannan 2003; Cava et al. 
2012), but changes in nestling diet across an urban gradient are less studied.  
 
There are multiple data collection techniques for documenting raptor diet. Most 
commonly these include pellet analysis, direct observation, prey remains, or cameras 
(Redpath et al. 2001, Lewis et al. 2004; Sanchez et al. 2008). Methods of recording raptor 
diet such as video monitoring or pellet analysis are capable of amassing larger databases 
and are less invasive than previously common methods such as stomach pumping, 
chemical emetics, or neck ligatures (Earhart and Johnson 1970; Figueroa et al. 2000; 
Estes and Mannan 2003; Rodriguez-Estrella 2000; Keeley et al. 2016). Recent 
technological advancements have enabled researchers to remotely observe nests at low 
cost while capturing high resolution images with simple camera, power, and data storage 
designs (Delaney et al. 1998; Booms and Fuller 2003; Lewis et al. 2004; Miller et al. 
2015; Keeley et al. 2016). These advancements have also made it possible for researchers 
to install cameras near nests and leave them for the majority (or entirety) of the nesting 
period before returning, thus limiting observer impact (Miller et al. 2015). Previous 
research that illustrated the sensitivity of some raptors to scientists’ presence has helped 
scientists minimize their negative impacts on nesting success (Luttich et al. 1970). 
 
Complementing the importance of monitoring raptor diets, measures of nest success and 
productivity give important insight to the population stability and can reveal scenarios in 
which environmental cues read by the hawks as positive for breeding actually result in 
net population declines for the species. It is critical for studies examining reproduction 
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and population stability to consider female reproductive output as well as overall nest 
success (Thompson et al. 2001). Reproductive rates in raptors are relatively easy to assess 
compared to demographic rates, and enable inference to be made regarding population 
dynamics and environmental influences (Steenhof and Newton 2007). Various methods 
for assessing nesting success have been developed and are optimal for differing 
observation intervals, sample sizes, or research questions (Shaffer 2004; Brown et al. 
2013). Most studies of raptor nesting success in North America determined success using 
the apparent nest success (ANS) method but research is increasingly considering nest 
exposure days (Wiley 1975; Toland 1985; Rottenborn 2000; Morrison et al. 2007; Brown 
et al. 2013).  
 
Studies in urban-avian ecology have been well supported by citizen science (Rottenborn 
2000; Rutz 2006; Vargo et al. 2012; Floyd et al. 2007); however, in the current model the 
scientist often produces little valuable connection with the local residents (Vargo et al. 
2012). Scientists that have the ability to effectively involve citizens in research can 
citizens who are more informed about a place and the systems of study. Citizens 
knowledgeable about the urban ecosystems and raptor behavior will better understand 
how they affect the natural systems near their property, where human activities influence 
birds the most (Lepczyk et al. 2012). An understanding of a predator’s life history and 
behavior is the primary influence on people’s attitude towards the predator (Kellert et al. 
1996; Villalba et al. 2004). For example, residents in Tucson, Arizona were more tolerant 
of – and sometimes sympathetic – to low swoops from Cooper’s Hawks (Accipiter 
cooperii) when the person understood that the hawk was defending nearby young from 
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perceived threats (Boal and Mannan 1999). To this end, it is important that research 
consider the pigeon paradox, which is based on three assertions: 1) current conservation 
action is insufficient, 2) people are more likely to participate in conservation when they 
have direct experiences in the nature, and 3) as human populations immigrate to cities 
and urbanization increases, humans will primarily experience nature through contact with 
urban nature (Dunn et al. 2006). Conservation programs have been successful by taking 
advantage of the concentration of residents in urban areas creating cultural shifts from 
persecuting raptors to conserving them (Martinez-Abrain et al. 2008). 
 
Quality research has explored nesting success and habitat selection of urban raptors but 
less often are elements of productivity and nestling diet measured along urban density 
gradients (Rosenfield et al. 1996; Smith et al. 1999; Estes and Mannan 2003; Luniak 
2004; Chace and Walsh 2006; Cooke et al. 2006; Stout et al. 2006b; Rullman and 
Marzluff 2014; Morrison et al. 2016). We examined the nestling diet, parental feeding 
behavior, nesting success, and productivity of the most abundant raptor in our study area 
– the Red-tailed Hawk – along an urban density gradient during the 2015 and 2016 
breeding seasons to reveal patterns in how these elements of breeding ecology change 
within a raptor population relative to urban density level and land cover type at multiple 
spatial scales. We used an urban density model that accounts for the built environment in 
three dimensions with estimates of human presence at multiple spatial scales around the 
nest. This project was open for public participation, serving as a medium for data 
collection, science education, and community building.  
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METHODS     
Study area 
The study area included the urban expanse of Reno and Sparks, Nevada, USA 
(39.525694 N, 119.77905 W; 685 km ; Figure 1). The area experiences four seasons and 
is typical of a cool desert averaging 10.5°C and 18.3 cm of precipitation annually 
(Western Regional Climate Center 2016). The greater urban expanse has a population of 
about 410,000–420,000 residents (Truckee Meadows Regional Planning Agency 2016). 
The region’s population grew 28% per decade from 1980–2010, is expected to add 
99,000 residents by 2036, and may double in size by 2050 further expanding urbanization 
(Hardcastle 2010; Trammel 2011; Truckee Meadows Regional Planning Agency 2016).  
The physical geography of the area constitutes: 1) the nonurbanized mountains bordering 
three sides of the urban development, 2) the diversion of the Truckee River for human 
use across the valley of the Truckee Meadows, and 3) the city’s position along the Pacific 
Flyway. This study area may be particularly appropriate for studying multitrophic 
interactions as smaller cities (typically <1 million people) may have less of a negative 
impact on the ecosystem function and health compared to larger cities (Garaffa et al. 
2009; Smallbone et al. 2011).  
Nest searching 
We searched for nests during the 10 months prior to the breeding season (May 2014 to 
February 2015). We investigated all rock outcrops and cliffs within 1 km of urban 
development or a human occupied location. We divided the study area into 1-km  cells 
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and surveyed ≥1 linear km in each cell covering >8,000 km of independent tracks. We 
also searched for roof nests from atop the 15-story Reno City Hall building in fall prior to 
the first year of data collection (see Chapter 1 for a full description of nest searching 
methods). The most common nesting trees for Buteo raptors in this urban area are 
Freemont’s cottonwood (Populus fremontii), and ponderosa (Pinus ponderosa), 
lodgepole (P. contorta), and Jeffrey pine (P. jeffreyi). We do not consider this study 
exhaustive of total nests. 
 
Nesting success and productivity 
Only nests used for at least incubation were included in nest success calculations. A nest 
was considered successful if it fledged at least one nestling. Nests were checked every 2–
5 days. We also recorded the productivity and the fledge rate for each nest (the proportion 
of nestlings to reach fledge age for individual nests). 
Parental behavior and diet observations 
We recorded parental roles and nestling diet using researchers, volunteer-citizen 
observations, and wildlife cameras to increase our sample size and help minimize the bias 
of any one technique (Redpath et al. 2000; Lewis et al. 2004; Sanchez et al. 2008). 
Observation periods conducted by researchers alternated between 6:30–8:30 h and 9:00–
11:00 h during one random day in each of four periods after hatch (3–10 d, 11–18 d, 19–
26 d, and 27–34 d). Prey items were documented at the species level when possible, 
otherwise at the genus level or recorded as unknown. As identifying sexes while viewing 
Red-tailed Hawks may be impossible (Donohue and Dufty 2006), we did not record 
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parenting roles in cases where the birds were of similar size or we were unfamiliar with 
the pair (recorded as unknown; Vilella and Nimitz 2012). We defined a feeding event as 
any occurrence in which a nestling either received food from an adult or fed itself. Adults 
feeding themselves at the nest were not recorded.    
 
Twenty-four Moultrie M-550 nest cameras were installed to assist in data collection in 
2015 and 16 Moultrie M-550 Gen 2 cameras in 2016. The Gen 2 camera succeeded the 
original M-550 camera. We installed the cameras between 3–8 days after hatch to 
minimize the risk of nest abandonment (Luttich et al. 1970; Cain 1985; Estes and 
Mannan 2003). The cameras captured photos every minute from 6:00–11:00 h at 4-
megapixel resolution. The cameras can capture higher resolution photos but 4-megapixels 
was sufficient for our objectives. Each camera was pretested prior to installation. Sandisk 
16-GB SDHC-I SD cards were used as instructed by the camera manufacturer. Cameras 
were powered by eight Energizer Ultimate Lithium AA batteries as these withstand 
temperature changes well. Each camera was positioned outside the nest entryway and in a 
location where no damage would be caused to the nest if the camera were to fall or move 
from its original position. When necessary, we attached the camera to a 10-foot EMT 
metal pole so that we could view into nests that were difficult to access (such as the ends 
of dead tree limbs) while minimizing disturbance (Figure 2). We used camouflage-
colored ratchet straps to affix the camera or pole to the tree when the cameras were in 
heavily trafficked areas in an attempt to minimize attention evoked from the public. 
Though the cameras had a thin rubber seal keeping most precipitation from the wiring 
and the study area is in a desert ecosystem, we applied a thick layer of adhesive tape on 
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all seals preventing any heavy moisture from entering the camera box. Nests were 
selected opportunistically for camera installation. 
 
Local residents were invited to assist with the data collection of this research in the 
following ways: submit a nest location, allow us to monitor a nest on their property, meet 
a researcher at a nest site to observe and discuss hawks during an observation period, or 
be trained to collect data without a researcher present, effectively becoming a “citizen 
scientist” (Vargo et al. 2012; Dickinson et al. 2010). Training for citizens to perform solo 
nest observations consisted of attending talks about the context of urban raptors, our 
study area, and field methods such as the proper etiquette with which to observe nests. 
We also loaned spotting scopes to volunteers when necessary. Initially, all citizen 
scientists were accompanied in the field by a researcher to ensure their understanding of 
the methods and protocol was adequate.  
Environmental variables 
A full explanation of our urban density model can be found in Chapter 1. The model is 
based on four urban density metrics: the number of residents, number of employees, 
building area from footprints, and building height, for each parcel in the Reno-Sparks 
urban area (Washoe County GIS Portal, www.co.washoe.nv.us). The density was 
calculated at four spatial scales with differing spatial resolutions: 1-m2 resolution for the 
nest-site scale (within an 11.3 m radius around the nest), 2-m2 resolution for the 
macrohabitat scale (250 m radius), and 4-m2 resolution for the nearest-nest midpoint 
scale (740 m radius), and the landscape scale (1500 m radius; Gilmer and Stewart 1983; 
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Stout et al. 1998). The urban density spectrum for our study area is represented by values 
between 0–1 with 1 being the most urban. 
 
We documented the dominant land cover type for the same four spatial scales around the 
nest as urban density. Random points were generated (50–100 points depending on the 
scale) atop Google Earth imagery and we recorded the land cover type at the point 
location as tree cover, built or impervious, grassland or agriculture, riparian, or shrub 
(primarily consisting of desert Artemisia species). Noise measurements were taken using 
an Extech 407730 Digital Sound Level Meter every 10 minutes at each nest site on a 
random weekday and random weekend day from 6:30–8:30 h and 9:00–11:00 h during 
the nesting season, and then averaged between both periods. We also acquired the 
nightlight emittance value for each nest site location from the Visible Infrared Imaging 
Radiometer Suite satellite imagery dataset (750 m spatial resolution). Temperatures 
during nest observation periods were recorded from the nearest of eight local Western 
Regional Climate Center (WRCC) stations. All processing was conducted in R statistical 
programming software 3.3.2 (R Core Project 2016), ArcGIS 10.4, and Google Earth.   
 
Analysis  
We assessed the relationship between nestling diet diversity, and the environmental 
predictor variables of urban density and land cover type at different scales using beta 
regression models (Cribari-Neto and Zeileis 2010). Prey diversity was calculated at the 
genus level to prevent closely related species from influencing the relative diversity 
within the sample (we grouped Otospermophilus, Ammospermopholis, Urocitellus, and 
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Callospermophilus under Spermophulis, and Sylvilagus audubonii and Lepus californicus 
under the family name Leporidae) and represented using the Shannon diversity index 
classified as low, medium, and high generated from the Jenks Natural Breaks algorithm 
(Redpath et al. 2001; Khan 2012). We plotted the prey-class ratios (mammalia : non-
mammalia, aves : non-aves, and reptilia : non-reptilia) relative to urban density. We 
compared the dominant prey items fed to nestlings relative to the environmental predictor 
variables using a multinomial regression. To assess parental behaviors relative to the 
environmental predictors we compared the ratios of male : female prey deliveries and 
female : male feeding events, following the roles typically assumed by breeding Red-
tailed Hawk pairs, in GLMs.  
 
We calculated nest success using a logistic exposure model (N = 110) with a binomial 
response and a logistic exposure link function (Shaffer 2004; Brown et al. 2013). We 
present nest success using the ANS method for comparison with previous studies that 
examined Red-tailed Hawk nesting (N = 125). The Mayfield (1961) method was not 
calculated as it does not allow for analysis of continuous covariates on nesting success. 
The ANS method may be useful for understanding nest success for populations over 
long-term studies but is less robust than methods such as the Mayfield or logistic 
exposure methods (Shaffer 2004; Brown et al. 2013). The ANS method also 
overestimates nesting success because nests detected later in the nesting period are more 
likely to survive (Johnson 2007; Brown et al. 2013).The number of fledglings and the 
fledge rate per nest were modeled against the environmental variables in Poisson or 




Interannual differences in our data were tested for using a GLM with the year as a 
categorical variable (Brown et al. 2013). We identified no significant differences between 
the two seasons and therefore combined the data for our other analyses; however, we 
present some descriptive statistics on the years individually. All analyses included 
information for 89 nests. Thirty-three nests were used in both years of the study. 
 
For each response variable, we ran multiple models containing combinations of land 
cover and urban density at different scales. Only certain combinations of the variables 
could be run in a model as some of the various scales of urban density were highly 
correlated with one another (considered ≥0.7 (Piana 2015)) or they predicted land cover 
type (P ≥ 0.01). Quadratic forms of the urban density terms were also included in the 
variable combinations. The final models were chosen based on their Akaike’s 
Information Criterion (AIC) scores (see appendix) and collinearity was examined using 
the variance inflation factors (Virkkala et al. 2004; Piana 2015). The night light emittance 
and noise level were omitted from these models as they were highly correlated with our 
urban density model. Average nestling age, proportion of observation periods with 
precipitation events (except in models predicting parental roles), and average temperature 
were excluded as covariates because we found them to be of low importance during our 
model selection process. We considered statistical significance when P < 0.05, and P 
values between 0.05–0.1 to indicate a trend (Woolaver et al. 2014). All statistical 






Our cameras captured roughly 218,000 images in 2015 and 180,000 images in 2016. Some 
of the cameras used in 2015 stopped capturing photos prematurely resulting in fewer 
photos per camera for that year. This error did not occur during 2016 when we used the 
successive Moultrie M-550 Gen 2 model. In total, 116 hours of observation time were 
recorded by local residents. No significant differences in nest abandonment occurred 
between nests that had cameras installed near them and those that did not. The optimal 
models for the proportion of prey delivery events were the null models and did not produce 
meaningful results. 
 
Nestlings consumed 15 different prey genera with Leporidae and Spermophilus being the 
dominant prey types for both years (Figure 3). The identifiable prey items fed to nestlings 
consisted of 73% Mammalia, 21% Aves, and 6% Reptilia in 2015, and 75% Mammalia, 
21% Aves, and 4% Reptilia in 2016 (Figure 4). Of the total prey items, 19% were 
unidentifiable in 2015 and 23% in 2016. Females conducted most of the feeding events and 
males most of the prey deliveries (Figures 5,6). 
 
Nestling diet diversity decreased when the dominant land cover type was built-impervious 
or riparian at the landscape scale (P = 0.005 and P = 0.05, respectively; Table 1). The 
multinomial analysis of prey classes along the urban density spectrum found that avian 
prey increased significant relative to mammalian prey at the nearest-nest scale (P < 0.001; 
Table 2). When plotting the prey-class ratios relative to urban density: mammalian prey 
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followed a negative quadratic curve increasing in the suburban areas and decreasing on the 
urban fringe and at the most urban nest sites, avian prey followed a positive quadratic curve 
increasing on the fringe and at the most urban nest sites, and reptilian prey decreased with 
urban density (Figure 7).  
 
The proportion of feeding events (female/male) decreased as urban density increased at the 
nearest-nest scale (P = 0.02) and followed the trend of a negative curve with urban density 
at the same scale (P = 0.055) but the total feeding events per nest was not significantly 
impacted by urban density (P = 0.26). Nest success at the nearest-nest scale decreased with 
riparian habitat (P = 0.012), and increased with grassland-agriculture (P = 0.008) and shrub 
(P = 0.009). The number of fledglings per nest showed a decreasing trend with urban 
density at the nest-site scale (P = 0.066) and the fledge rate per nest decreased with riparian 
habitat at the landscape scale (P = 0.02). Overall, the success rate was 85.5 and 83% for the 
respective years (Table 3). The fledgling rate was 0.72 and 0.77, and the productivity rate 
was 2.23 and 2.03 for the respective years. 
 
DISCUSSION 
Red-tailed Hawks generally struggled in riparian areas in our study. Prey diversity in 
nestling diet, nest success, and the fledge rate all declined in riparian areas. The decline 
of nestling diet diversity is contrary to the typical patterns of high biodiversity found in 
riparian areas (especially considering that riparian areas in our arid region are linear 
creating large amounts of biodiverse edge habitat) and is reflective of the challenges that 
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Red-tailed Hawks encounter when hunting in densely vegetated areas. Stout et al. 
(2006b) examined >50 landscape correlates relative to reproductive success of urban-
suburban Red-tailed Hawks over a 14-year period and found that wetlands were the only 
habitat type associated with low hawk productivity. Other studies of raptor habitat 
associations reflect these patterns indicating that Red-tailed Hawks use wetland and 
riparian areas less than other species such as Northern Harriers, Cooper’s Hawks, and 
Red-shouldered Hawks in North America (Portnoy and Dodge 1979; Bohall and Collopy 
1984; Speiser and Bosakowski 1988; Preston 1990). It is important to note that nests in 
our study often succeeded in thin rows of riparian areas (<8 m wide). These areas 
consisted of cottonwoods (Populus fremontii) over a small, potentially intermittent or 
underground stream that is surrounded by grassland or shrub cover.  
 
Overall nest success increased for nests situated in more open habitats: shrub and 
grassland-agriculture as opposed to built-impervious, riparian, or treed areas. Red-tailed 
Hawks, as well as many other buteos, select for open areas containing non-volant prey 
species (Bechard et al. 1990). Red-tailed Hawks, and other sympatric species such as 
Swainson’s Hawks and Great-horned Owls that use similar prey and nesting resources, 
have been shown to inhabit areas after disturbance such as fire or crop harvest has 
diminished the vegetation cover (Bechard 1982; Barro and Conard 1991). 
 
As is common for Red-tailed Hawks, the nestling diet in our study population consisted 
primarily of mammals for both years (Fitch et al. 1946; Luttich et al. 1970); however, 
studies of urban vs. rural populations of other hawk species have documented that they 
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hunt more avian prey in more urbanized environments (Estes and Mannan 2003). 
Research has shown that avian abundance tends to increase in urban areas and species 
richness peaks in suburban areas reflecting the typical increase of avian abundance in 
more urbanized landscapes (Blair 2001; McKinney and Lockwood 2001; Marzluff 2005; 
Chace and Walsh 2006; Hepinstall-Cymerman et al. 2012). The species commonly found 
in the urban core, such as Rock Doves (Columba livia), Mourning Doves (Zenaida 
macroura), and European Starlings (Sturnus vulgaris; Crooks et al. 2004), contributed to 
the increase in avian prey fed to nestlings closer to the urban core in our study. 
Complementarily, the avian prey on the urban fringe predominately consisted of ducks 
and geese (Anatidae), California Quail (Callipepla californica), and other anomalous 
species such as an adult Green Heron (Butorides virescens; Figure 3). The reptilian prey 
in the nestling diet in our study (lizards and snakes) also reflected the typical urban 
reptile distributions which decrease with urban density and become rare in the 
intermediate levels of urbanization (Collins and McDuffie 1972; Germaine and Wakeling 
2001; Patten and Bolger 2003; Figure 7). At no point along the urban gradient did avian 
or reptilian species become the dominant prey item fed to nestlings. 
 
Many of the nests in this study were situated in suburban environments (Chapter 1). The 
habitat complexity and relatively mild human disturbance in suburban areas creates a 
matrix of heterogeneous land cover types containing many micro-ecotones (McKinney 
2002). The resources in these areas, such as water and nutrients (and garden ecosystems), 
are heavily subsidized by humans. Many of the plants selected by homeowners produce 
fruits and seeds that attract and sustain other animals (McKinney 2002). Individual 
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homeowners will plant and support different vegetation types effectively moderating 
some of the limiting impacts of local climatic variability on species richness. This has 
contributed to an increase in richness of plant, bird, and mammal species in suburban 
environments in the United States (Blair 1996; McKinney 2008; Chace and Walsh 2006; 
Faeth et al. 2011). The increase in species richness is especially influential in our study 
area which is situated between montane conifer forest and mid-high elevation desert. 
Based on our finding that mammalian prey increased in nestling diets in suburban 
densities (as found in Racey and Euler 1982), we suggest that Red-tailed Hawks and 
other raptor species (Chapter 1) greatly benefit from the human-nature commensalism 
that occurs along these sections of the urban gradient. 
 
In our study, the feeding and prey delivery roles were typical of Red-tailed Hawks. 
Considering both years combined, males delivered prey more often at higher urban 
density levels at the landscape scale. Based on theories of the causes of dimorphism in 
raptors, this finding may be a result of females maintaining care for nests in areas with 
more activity nearby or be based on the male’s hunting capabilities – the urban areas and 
females selecting for males that are better at hunting certain species more prevalent at 
these densities or as more efficient hunters in general (Reynolds 1972; Safina 1984; 
Krüger 2005) – though this is beyond the scope of our study. Notably, and not presented 
in our larger analysis, in 2016 the proportion of prey deliveries carried out by the male 
compared to that of the female declined during precipitation events (P < 0.001) 
warranting further examination of parental roles in inclement or unusual weather that 




The nest success rate for our population was high relative to most other populations 
(Table 3). Though urban density was not the optimal predictor of nest success rates, most 
highly urban nests failed despite the low intraspecific nest densities where they were 
situated. The most urban successful nesting attempt was at 0.53 on the urban density 
spectrum while nesting attempts that reached the nestling stage extended to 0.83. This 
suggests that the upper limit for successful Red-tailed Hawk attempts in our breeding 
area are near the mid-urban landscapes consisting of 1–4 story buildings, and mixed 
residential and commercial land uses. The causes for the nest failures along different 
sections of the urban gradient in our study area differed but based on our study we 
suggest that high raptor nesting densities, and forms of intra- and inter-specific 
competition, are more influential to nest success rates in the more rural portions of the 
urban gradient while elements of the urban landscape such as denser human population, 
and threats such as windows and cars, are more influential in the more urbanized portions 
of the gradient.  
 
Chapter 1 of this dissertation identified that nest-site selection of Red-tailed Hawks and 
Cooper’s Hawks overlap along the urban density gradient but the population medians for 
the species differ. Similar levels of overlap can be seen in the frequency of prey items fed 
to nestlings in our study compared to that of Cava et al. (2012) who studied urban 
Cooper’s Hawks in Victoria, British Columbia, Canada. The majority of prey genera 
constituting ≥1% of species found at nests in Cava et al.’s (2012) study were also found 
in our study and the frequency of the prey items are strongly inversely related between 
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the studies, and thus complimentary of one another. Red-tailed Hawks also compete with 
and complement Great-horned Owls in habitat and dietary niches (Chapter 1); however, 
research has shown that they occupy distinct trophic characteristics and hunt different 
prey bases (Marti and Kochert 1995). Overall, Red-tailed Hawks spanned a wider range 
of the urban density spectrum than Great-horned Owls (Chapter 1) and likely occupy the 
widest dietary niche breadths of any apex predator in the region. These patterns support 
the previous work of Stout et al. (2006a, b) who found that though Red-tailed Hawks 
exercise habitat preference, populations are capable of occupying wide niche breadths in 
urban areas.  
 
CONCLUSION 
Results from our research indicate that the Reno-Sparks, Nevada urban Red-tailed Hawk 
population is highly productive, and that overall nest failure and productivity do not 
appear to be primary concerns for this population. The nestling diet data from this study 
should not necessarily be considered representative of all urban environments but this 
study area is similar in urban form and growth patterns to many cities in the western 
United States (Trammel 2011), and the data itself contributes to bodies of research 
aiming to record prey availability and selection in different regions of urbanized 
landscapes. Future research should shed light on specific causes of nestling mortality and 







We thank Drs. Peter Bloom and Jeff Lincer for their advice and mentorship during the 
completion this work. Their insight and guidance were influential in completing this 
research. We are also grateful to our funders Geodactics and Researchers Implementing 
Conservation Action. We are also grateful to the Sportsman’s Warehouse branches of 
Reno and Carson City, NV, and Scheels of Reno for their equipment donations and 
support. The residents of Reno and Sparks contributed valuable time and energy to this 
project, and supported our researchers in community. Lastly, we thank the anonymous 





















Barro SC, Conard SG (1991) Fire effects on California chaparral systems: an 
overview. Environ Int 17(2-3):135–149 
Bechard MJ (1982) Effect of vegetative cover on foraging site selection by Swainson’s 
Hawk. Condor 84:153–159 
Bechard MJ, Knight RL, Smith DG, Fitzner RE (1990) Nest sites and habitats of 
sympatric hawks (buteo spp.) in Washington. J Field Ornithol 61(2):159–170 
Bielefeldt J, Rosenfield RN, Papp JM (1992) Unfounded assumptions about diet of the 
Cooper's Hawk. Condor 427–436 
Blair RB (1996) Land use and avian species diversity along an urban gradient. Ecol Appl 
6(2):506–519 
Blair RB (2001) Birds and butterflies along urban gradients in two ecoregions of the 
United States: is urbanization creating a homogenous fauna? In: Lockwood JL, 
McKinney ML (Eds) Biotic Homogenization. Kluwer Academic/Plenum 
Publishers, New York, New York, pp 33–56 
Boal C,  Mannan R (1999) Comparative breeding ecology of Cooper’s Hawks in urban 
and exurban areas of southeastern Arizona. J Wildl Manage 63(1):77–84 
Bohall PG,  Collopy MW (1984) Seasonal abundance, habitat use, and perch sites of four 
raptor species in north-central Florida. J Field Ornithol 55(2):181–189 
Booms TL, Fuller MR (2003) Time-lapse video system used to study nesting 
Gyrfalcons. J Field Ornithol 74(4):416–422 
Brewer C (2001) Cultivating conservation literacy: “Trickle Down” education is not 
enough. Conserv Biol 15(5):1203–1205  
Brown JL, Steenhof K, Kochert M N,  Bond L (2013) Estimating raptor nesting success: 
old and new approaches. J Wildl Manage 77(5):1067–1074 
Cain SL (1985) Nesting activity time budgets of Bald Eagles in southeast Alaska. Thesis, 
University of Montana 
Cava JA, Stewart AC, Rosenfield RN (2012) Introduced species dominate the diet of 
breeding urban Cooper's Hawks in British Columbia. Wilson J Ornithol 
124(4):775–782 
Chace JF, Walsh JJ (2006) Urban effects on native avifauna: a review. Landscape Urban 
Plan 74(1):46–69 
Chandler RB, Strong AM, Kaufman CC (2004) Elevated lead levels in urban house 
sparrows: a threat to sharp-shinned hawks and merlins? J Raptor Res 38(1):62–68 
Collins JT, McDuffie GT (1972) Snakes of the Cincinnati region. Expl 14:24–28 
Cooke R, Wallis R, Hogan F, White J, Webster A (2006) The diet of powerful owls 
(Ninox strenua) and prey availability in a continuum of habitats from disturbed 
urban fringe to protected forest environments in south-eastern Australia. Wildl 
Res 33(3):199–206 
Cribari-Neto F, Zeileis A (2010) Beta regression in R. J Stat Softw 34:1–24 
Crooks KR, Suarez A, Bolger D (2004) Avian assemblages along a gradient of 
urbanization in a highly fragmented landscape. Biol Cons 115(3):451–462 
57 
 
Delaney DK, Grubb TG, Garcelon DK (1998) An infrared video camera system for 
monitoring diurnal and nocturnal raptors. J Raptor Res 32:290–296 
Dickinson JL, Zuckerberg B, Bonter DN (2010) Citizen Science as an Ecological 
Research Tool: Challenges and Benefits. Annu Rev Ecol Evol Syst 41(1):149–
172 
Donohue KC, Dufty AM (2006) Sex determination of Red-tailed Hawks (Buteo 
jamaicensis calurus) using DNA analysis and morphometrics. J Field 
Ornithol 77(1):74–79 
Dunn RR, Gavin MC, Sanchez MC,  Solomon JN (2006) The pigeon paradox: 
dependence of global conservation on urban nature. Conserv Biol 20(6):1814–6  
Earhart CM, Johnson NK (1970) Size dimorphism and food habits of North American 
owls. Condor 72(3):251–264 
Estes WA, Mannan RW (2003) Feeding behaviour of Cooper’s Hawks at urban and rural 
nests in southeastern Arizona. Condor 105(1):107–116 
Faeth SH, Bang C, Saari S (2011) Urban biodiversity: patterns and mechanisms. Annals 
of the New York Academy of Sciences, 1223(1), 69–81 
Figueroa RA, Jiménez JE, Bravo CA, Corales ES (2000) The diet of the Rufous-tailed 
Hawk (Buteo ventralis) during the breeding season in southern Chile. Ornitol 
Neotrop 11:349–352 
Fitch HS, Swenson F, Tillotson DF (1946) Behavior and food habits of the Red-tailed 
Hawk. Condor 48(5):205–237 
Floyd T (2007) Atlas of the breeding birds of Nevada. University of Nevada Press, Reno, 
Nevada. 
Garaffa PI, Filloy J, Bellocq MI (2009) Bird community responses along urban–rural 
gradients: Does the size of the urbanized area matter? Landsc Urban Plan 90(1-
2):33–41 
Germaine SS, Wakeling BF (2001) Lizard species distributions and habitat occupation 
along an urban gradient in Tucson, Arizona, USA. Biol Conserv 97(2):229–237 
Gilmer DS, Stewart RE (1983) Ferruginous Hawk populations and habitat use in North 
Dakota. J Wildl Res 47(1):146-157 
Hager S (2009) Human-related threats to urban raptors. J Rapt Res 43(3): 210–226 
Hardcastle J (2010) Nevada County population Projections 2010 to 2030. Nevada State 
Demographer. 
Hepinstall-Cymerman J, Marzluff JM, Alberti M (2012) Predicting avian community 
responses to increasing urbanization. In Lepczyk CA, Warren PS (Eds) Urban 
bird ecology and conservation. University of California Press, Los Angeles, CA, 
pp 223–248) 
Johnson DH (2007) Methods of estimating nest success: an historical tour. Stud Avian 
Biol 34:1–12 
Keeley WH, Bechard MJ, Garber GL (2016) Prey use and productivity of ferruginous 
hawks in rural and exurban New Mexico. J Wildl Manage 80(8):1479–1487 
Kellert SR, et al (1996) Human culture and large carnivore conservation in North 
America. Conserv Biol 10(4): 977–990 
58 
 
Khan F (2012) An initial seed selection algorithm for k-means clustering of 
georeferenced data to improve replicability of cluster assignments for mapping 
application. Appl Soft Comput 12(11):3698–3700 
Krüger O (2005) The evolution of reversed sexual size dimorphism in hawks, falcons and 
owls: a comparative study. Evol Ecol 19(5):467–486 
Kubo H, Supriyanto B (2010) From fence-and-fine to participatory conservation: 
mechanisms of transformation in conservation governance at the Gunung 
Halimun-Salak National Park, Indonesia. Biodivers Conserv, 19(6):1785–1803 
Lepczyk CA, Warren PS (2012) Urban bird ecology and conservation. Univ of California 
Press. 
Lewis SB, Fuller MR, Titus K (2004) A comparison of 3 methods for assessing raptor 
diet during the breeding season. Wildl Soc Bull 32(2):373–385 
Love OP, Bird DM (2000) Raptors in urban landscapes: a review and future 
concerns. Raptors at Risk: Proceedings of the 5th World Conference on Birds of 
Prey and Owls. Chancellor RD, Meyburg BU (Eds), World Working Group on 
Birds of Prey and Owls, Berlin, Germany, pp 425–434 
Luniak M (2004) Synurbanization—adaptation of animal wildlife to urban development. 
In: Shaw WW, Harris LK, Vandruff L (Eds) Proceedings of the 4th International 
Urban Wildlife Symposium, University of Arizona, Tucson, Arizona, pp 50–55 
Luttich S, Rusch DH, Meslow EC, Keith LB (1970) Ecology of Red-Tailed Hawk 
Predation in Alberta. Ecol 51(2):190–203 
Marti CD, Kochert MN (1995) Are red-tailed hawks and great horned owls diurnal-
nocturnal dietary counterparts? Wilson Bull 107(4):615–628 
Martínez-Abraín A, Crespo J, Jiménez J, Pullin A, Stewart G, Oro D (2008) Friend or 
foe: societal shifts from intense persecution to active conservation of top 
predators. Ardeola 55(1):111–119 
Marzluff JM (2005) Island biogeography for an urbanizing world: how extinction and 
colonization may determine biological diversity in human-dominated landscapes. 
Urban Ecosyst 8(2):157–177 
Mayfield HF (1961) Nesting success calculated from exposure. Wilson Bull 73:255–261 
McKinney ML (2002) Urbanization, biodiversity, and conservation: the impacts of 
urbanization on native species are poorly studied, but educating a highly 
urbanized human population about these impacts can greatly improve species 
conservation in all ecosystems. Biosci 52(10):883–890 
McKinney ML (2008) Effects of urbanization on species richness: a review of plants and 
animals. Urban ecosyst 11(2):161–176 
McKinney ML, Lockwood JL (2001) Biotic homogenization: a sequential and selective 
process. In: Lockwood JL, McKinney ML (Eds) Biotic Homogenization. Kluwer 
Academic/Plenum Publishers, New York, New York,  pp 1–17 
Miller SJ, Dykstra CR, Simon MM, Hays JL, Bednarz JC (2015) Causes of Mortality and 
Failure at Suburban Red-Shouldered Hawk (Buteo lineatus) Nests1. J Raptor 
Res 49(2):152–160 
Morrison JL, Gottlieb I, Pias KE (2016) Spatial distribution and the value of green spaces 
for urban red-tailed hawks. Urban Ecosyst 19(3):1–16 
59 
 
Murray M, Tseng F (2008) Diagnosis and treatment of secondary anticoagulant 
rodenticide toxicosis in a Red-tailed Hawk (Buteo jamaicensis). J Aviea Med 
Surg 22(1):41–46 
Newton I (1998) Population limitation in birds. Academic press. Boston, MA. 
Ordeñaba M, et al (2010) Effects of Urbanization on Carnivore Species Distribution and 
Richness. J Mammal 91(6):1322–1331 
Patten MA, Bolger DT (2003) Variation in top-down control of avian reproductive 
success across a fragmentation gradient. Oikos 101(3)479–488 
Piana RP (2015) Habitat associations within a raptor community in a protected area in 
northwest Peru. J Raptor Res 49(2):174–182 
Portnoy JW, Dodge WE (1979) Red-shouldered Hawk nesting ecology and 
behavior. Wilson Bull 91(1):104–117 
Poulsen MK, Luanglath K (2005) Projects come, projects go: lessons from participatory 
monitoring in southern Laos. Biodivers Conserv 14(11):2591–2610 
Preston CR (1990) Distribution of raptor foraging in relation to prey biomass and habitat 
structure. Condor 92(1):107–112 
Preston CR, Beane RD (1993) The Birds of North America Online. Ithaca: Cornell Lab 
of Ornithology, New York. 
R Core Project (2016) The R project for statistical computing. Available at www. R-
project.org/. Accessed 14 January 2017 
Racey GD, Euler DL (1982) Small mammal and habitat response to shoreline cottage 
development in central Ontario. Can J Zool 60(5):865–880 
Redpath SM, Clarke R, Madders M, Thirgood SJ (2001) Assessing raptor diet: 
comparing pellets, prey remains, and observational data at hen harrier 
nests. Condor 103(1):184–188 
Reynolds RT (1972) Sexual dimorphism in accipiter hawks: a new hypothesis. 
Condor 74(2):191–197 
Rodríguez-Estrella R (2000) Breeding success, nest-site characteristics, and diet of 
Swainson's hawk (Buteo swainsoni) in a stable population in northern 
Mexico. Can J Zool 78(6):1052–1059 
Rosenfield RN, Bielefeldt J, Affeldt JL, Beckmann DJ (1996) Urban nesting biology of 
Cooper’s Hawks in Wisconsin. Raptors in human landscapes, Academic Press, 
London, UK, pp 41–44 
Roth TC, Lima SL, Vetter WE (2005) Survival and causes of mortality in wintering 
Sharp-shinned Hawks and Cooper’s Hawks. Wilson Bull 117:237–244 
Rottenborn SC (2000) Nest-site and reproductive success of urban Red-shouldered 
Hawks in central California. J Raptor Res 34(1):18–25 
Rullman S, Marzluff J (2014) Raptor presence along an urban-wildland gradient: 
influences of prey abundance and land cover. J Raptor Res 48(3):257–272 
Rutz C (2006) Home range size, habitat use, activity patterns and hunting behaviour of 
urban-breeding Northern Goshawks Accipiter gentilis. Ardea 94(2):185–202 
Safina C (1984) Selection for reduced male size in raptorial birds: the possible roles of 
female choice and mate guarding. Oikos 43(2):159–164 
Sánchez R, Margalida A, González LM, Oria J (2008) Biases in diet sampling methods in 
the Spanish Imperial Eagle Aquila adalberti. Ornis Fennica 85(3):82–89 
60 
 
Shaffer TL (2004) A unified approach to analyzing nest success. Auk 121(2):526–540 
Smallbone LT, Luck GW, Wassens S (2011) Anuran species in urban landscapes: 
relationships with biophysical, built environment and socio-economic 
factors. Landscape Urban Plan 101(1):43–51 
Smith DG, Bosakowski T, Divine A (1999) Nest site selection by urban and rural Great 
Horned Owls in the Northeast. J Field Ornitho 70(4):535–542 
Sorace A, Gustin M (2008) Homogenisation processes and local effects on avifaunal 
composition in Italian towns. Acta Oecologica 33(1):15–26 
Sorace A, Gustin M (2009) Distribution of generalist and specialist predators along urban 
gradients. Landscape Urban Plan 90(3):111–118 
Speiser R, Bosakowski T (1988) Nest Site Preferences of Red-Tailed Hawks in the 
Highlands of Southeastern New York and Northern New Jersey (Preferencias de 
Lugar de Anidamiento de Buteo jamaicensis en las Alturas del Sureste de Nueva 
York y del Norte de Nueva Jersey). J Field Ornithol 59(4):361–368 
Steenhof and Newton (2007) Assessing nesting success and productivity. In: Bird DM, 
Bildstein KL (Eds) Raptor research and management techniques. Hancock House. 
Blaine, WA, pp 181–192 
Steenhof K, Kochert MN (1988) Dietary responses of three raptor species to changing 
prey densities in a natural environment. J Anim Ecol 57(1):37–48 
Stout W, Anderson R, Papp J (1998) Urban, suburban, and rural Red-tailed Hawk nesting 
habitat and populations in southeast Wisconsin. J Rapt Res 32(3):221–228 
Stout WE, Temple SA, Cary JR (2006a) Landscape features of red-tailed hawk nesting 
habitat in an urban/suburban environment. J Rapt Res 40(3):181–192 
Stout WE, Temple SA, Papp JM (2006b) Landscape correlates of reproductive success 
for an urban-suburban red-tailed hawk population. J Wildl Manage 70(4):989–997 
Thompson BC, Knadle GE, Brubaker DL, Brubaker KS (2001) Nest success is not an 
adequate comparative estimate of avian reproduction. J Field Ornithol 72(4):527–
536 
Toland B (1985) Nest site selection, productivity, and food habits of Northern Harriers in 
southwest Missouri. Nat Area J 5(2):22–27 
Tornberg R, Colpaert A (2001) Survival, ranging, habitat choice and diet of the Northern 
Goshawk Accipiter gentilis during winter in Northern Finland. Ibis 143(1):41–50 
Trammell EJ (2011) Avian Urban Ecology : Conservation Planning Opportunities for 
Reno, NV, USA. Dissertation, University of Nevada, Reno 
Truckee Meadows Regional Planning Agency (2016) Washoe County Consensus 
Forecast 2016–2036. Reno, NV 
Van Velsor SW (2004) A qualitative investigation of the urban minority adolescent 
experience with wildlife. Dissertation, University of Missouri, Columbia 
Vargo TL, Boyle OD, Lepczyk CA, Mueller WP, Vondrachek SE (2012) The use of 
citizen volunteers in urban bird research. In Lepczyk CA, Warren PS (Eds) Urban 
bird ecology and conservation. University of California Press, Los Angeles, pp 
113–124 
Vilella FJ, WF Nimitz (2012) Spatial dynamics of the Red-tailed Hawk in the Luquillo 
Mountains of Puerto Rico. Wilson J Ornithol 124(4):758–766 
61 
 
Villalba L, et al (2004) The Andean cat: a conservation action plan. Andean Cat Alliance, 
La Paz, Bolivia 
Virkkala R, Luoto M, Rainio K (2004) Effects of landscape composition on farmland and 
red-listed birds in boreal agricultural-forest mosaics. Ecography 27(3):273–284 
Western Regional Climate Center (2016) Monthly Climate Record, Reno Airport, 
Nevada. URL:  http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nv6779 
Wiley JW (1975) The nesting and reproductive success of Red-tailed Hawks and Red-
shouldered Hawks in Orange County, California. Condor 77(2):133–139 
Woolaver LG, Nichols RK, Morton ES, Stutchbury BJ (2014) Breeding ecology and 
predictors of nest success in the Critically Endangered Ridgway’s Hawk Buteo 
























Table 1. Beta coefficient estimates from optimal generalized linear models, as selected 
by AICc values, identifying the impacts of urban density and land cover type on diversity 
of nestling diet, parental roles, nest success, and productivity of Red-tailed Hawks at 
multiple spatial scales. Optimal models either contained land cover or urban density 
predictor variables. Urban density and land cover were calculated within four radii of the 
nest: 11.3 m (nest-site scale); 250 m (macrohabitat scale); 740 m (average intraspecific, 
nearest-nest midpoint scale); and 1500 m (landscape scale). Land cover classes in the 
optimal models included riparian, tree, built-impervious, or shrub. Diet diversity was 
calculated using the Shannon diversity index. The null model was the optimal model for 
nestling diet diversity and proportion of prey delivery events (male/female), and are not 
presented.  
 
Response variable  Est. 
coef. SE t P 
95%         
Conf. Int. 
Lower, Upper  Factor   
Diet diversity: low, medium, high 
 Land cover (landscape), Built-impervious -0.69 0.24 -2.878 0.005 -1.05, -0.18 
 Land cover (landscape), Riparian -0.739 0.357 -2.071 0.042 -1.46, -0.06 
 Land cover (landscape), Shrub -0.307 0.215 -1.431 0.156 -0.74, 0.10 
 Land cover (landscape), Tree   -0.287 0.231 -1.24 0.219 -0.70, 0.20 
Proportion feeding events: female/male  
Urban density, nearest nest   -0.693 0.285 -2.436 0.017 -1.25, -0.14 
Urban density (nearest nest) 2 0.297 0.152 1.954 0.055 0.00, 0.59 
Total feeding events   
Urban density, nest site  4.002 3.588 1.115 0.268 -3.03, 11.04 
Urban density (nest site)2  -6.162 3.851 -1.6 0.113 -13.7, 1.38 
Nest success  
Land cover (nearest nest), Built-impervious  -0.04 0.049 -0.804 0.423 -0.14, 0.06 
Land cover (nearest nest), Grassland-
agriculture  0.962 0.356 2.695 0.008 0.26, 1.66 
Land cover (nearest nest), Riparian  -0.269 0.105 -2.567 0.012 -0.47, -0.06 
Land cover (nearest nest), Shrub  0.960 0.357 2.689 0.009 0.26, 1.65 
Land cover (nearest nest), Tree    0 0.128 0 1 -0.25, 0.25 
Number of fledglings per nest        
Urban density (nest site)  -0.94 0.504 -1.859 0.066 -1.92, 0.05 
Fledge rate per nest  
Land cover (landscape), Built-impervious  -0.023 0.074 -0.308 0.759 -0.17, 0.12 
 Land cover (landscape), Riparian  -0.389 0.119 -3.282 0.002 -0.62, -0.16 
 Land cover (landscape), Shrub  0.017 0.071 0.244 0.808 -0.12, 0.16 




Table 2. Results from optimal multinomial model as selected by AICc value identifying 
differences in nestling prey composition (avian, reptilian, and mammalian) relative to 
urban density and land cover type at multiple spatial scales. Urban density was calculated 
within four radii of the nest: 11.3 m (nest-site scale); 250 m (macrohabitat scale); 740 m 
(average intraspecific, nearest-nest midpoint scale); and 1500 m (landscape scale). The 
prey class listed as a factor is in comparison to mammalian prey.   
 
   
   Est. 
coef. SE z P 
95%         
Conf. Int. 
Lower, Upper  Factors   
 Urban density (nearest nest), avian prey 1.318 0.315 4.17 <0.001 0.69, 1.94 






















Table 3. Nest success rates when calculated by the apparent nest success method and 
productivity from 2015 and 2016 (Y₁, Y₂) from our study accompanied by results from 
relevant research.  
 
                                           Y₁, Y₂ Previous research 
Success rate 85.5%,  83%          80.1% (Stout et al. 2006) 
         82.5% (Mader 1982: 4 combined studies) 
         73.6% (Orians and Kuhlman 1956) 
         64.5% (Gates 1972) 
 
        
         1.36 (Stout et al. 2006) 
         1.43 (Orians and Kuhlman 1956) 
         1.13 (Gates 1972) 




Fledgling rate  0.72, 0.77 
















































Figure 2. Camera attached to 10-foot metal pole to view into nests located in remote 




























Figure 3. Stacked bar plot displaying the frequency of prey items fed to nestlings for 












Figure 4. Nest diet composition at the class level for the respective study years (2015, 






























































Figure 7. Proportions of prey classes (Mammalia : Non-Mammalia, Aves : Non-Aves, 
and Reptilia : Non-Reptilia) across the urban density gradient. Urban density is measured 
on a scale of 0–1 (shown here when density is calculated within a 1500 m radius around 
the nest). The most urban Red-tailed Hawk nest is at 0.83 on the density spectrum. 



























Human perceptions of Red-tailed Hawks in an urban ecosystem  
 
ABSTRACT 
How humans view their local birds influences the quality of the habitat for birds. Human 
perceptions of hawks are unique as hawks are one of the largest top predators to sustain 
urban populations globally. From June–July 2016, we surveyed 280 homes near Red-
tailed Hawk’s (Buteo jamaicensis) nests in Reno-Sparks, NV about their perceptions of 
and experiences with hawks. We surveyed the five homes closest to a nest and five 
homes ≥740 m away from the nest. Seventy percent of residents viewed hawks 
positively, 3% negatively, and 27% indifferently. Results from generalized linear mixed 
models indicated that whether residents had domestic animals threatened by hawks, or 
raised chickens, did not impact the residents’ perceptions of hawks (P = 0.52, P = 0.57, 
respectively). Age was also a nonsignificant indicator of residents’ perceptions of hawks 
(P = 0.34), though the residents that viewed hawks negatively were concentrated in age 
ranges between 40 and 70 years of age. Mediation analysis revealed that human 
interaction with hawks (e.g. observing hawks) fully mediated the relationship between 
resident proximity to a nest and whether they viewed hawks positively (P < 0.001). This 
finding was substantiated by Sobel tests (P < 0.001). Despite Red-tailed Hawks often 
being noisy and messy, living near and experiencing them resulted in residents viewing 
them more positively. This human-hawk relationship lies within the broader topic of 
nature-society interactions and based on our findings we suggest that residents interacting 













Hawks have been closely associated with humans for many centuries (Ellis 2013; 
Romandini et al. 2014; Sekercioglu et al. 2016) and today are commonly perceived as 
symbols of national strength, used in falconry, help control pest populations, and serve as 
umbrella or flagship species for conservation initiatives. In contrast, they can also draw 
perceptions of fear from humans (Bildstein 2001) and can be messy; they can depredate 
pets, livestock, or small animals (which are often well liked by humans in cities; Bjerke 
and Ostdahl 2004; Pohja-Mykrä et al. 2012), interfere with air transit (Pullins et al. 2016), 
compete with sport hunters for game (Redpath et al. 2004), or have negative spiritual 
connotations (Martinez-Sanchez 1986). However, these undesirable behaviors do not 
always elicit negative perceptions from humans (Coluccy et al. 2001; White et al. 2017). 
 
Urban environments create unfamiliar habitats and threats for these avian predators 
(Newton 1979; Hager 2009; Ordeñana et al. 2010). These threats often arise when the 
predator and human activities interfere with one another, though direct human–apex 
predator conflicts are somewhat rare (Peterson et al. 2010). When humans and predators 
interact, relationships develop in which cultural perceptions and memes form. These 
perceptions are important to document because they commonly influence how humans 
will behave towards the predator (Lucherini and Merino 2008; Peterson et al. 2010), and 
are a critical part of creating and implementing effective urban-wildlife management 
programs (Savard et al. 2000; Abrain et al. 2008; Merkle et al. 2011). One study 
examining human attitudes of 24 species/groups of animals found that hawks were 
74 
 
neutrally perceived (neither positively, nor negatively), were less liked among older 
residents, and were not of the 18 species that respondents reported experiencing problems 
with (Bjerke and Ostdahl 2004). Another study surveying public attitudes of animals, but 
focusing on predators, found that while predators are generally not well-liked in the 
United States, eagles were among the most well-liked animals and vultures among the 
least (Kellert 1985). This study also reported that livestock producers perceived hawks’ 
ecological value higher than bobcats, grizzly bear, coyotes, and raccoons.  
 
Human persecution of hawks has resulted in critical population losses and often goes 
unrecorded by management entities or researchers (Real et al. 2001; Whitfield et al. 
2003; Whitfield et al. 2004). Two main types of persecution occur when humans disrupt 
raptor activities: indirect persecution, in which humans unintentionally create a 
detrimental situation for the raptor (e.g. harassment or depredation from domestic pets, 
nest-tree removal during landscaping, or recreational disturbances such as rock climbing 
near nests), or direct persecution, in which humans intentionally disrupt raptor activities 
(e.g. shooting, poisoning, harassment, nest destruction, or egg collection). Indirect 
persecution encompasses the majority of negative impacts human actions have upon 
hawks, as is the case with urban birds in general (Clucas and Marzluff 2012).  
 
Contacts with wildlife have been shown to be an important part the daily experience of 
urban residents (Bjerke and Ostdahl 2004). Generally, the more people are exposed to 
wildlife, the more they value it (Bjerke and Ostdahl 2004; Dunn et al. 2006; Raadik and 
Cottrell 2007; Zylstra 2014). The economic and health benefits of human-nature 
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experiences (e.g. humans observing wildlife) have been thoroughly documented (Maller 
et al. 2009): some of which include positively impacting physical health (Moore 1981; 
Verderber and Reuman 1987; Hine et al. 2008), home and employment satisfaction 
(Leather et al. 1998; Kearney 2006), the ability to restore and hold mental attention, 
attention deficit hyperactivity disorder, overall cognitive function (Kaplan 1995; Wells 
2000), and can lead to a reduction in approximately 25% of the global disease burden 
(Prüss-Üstün and Corvalán 2006). These experiences in nature are especially important 
for residents and childhood development in urban areas (Turner et al. 2004; Maller et al. 
2002; Chiesura 2004; Maller 2009; Wilson 2011). Experiencing nature, and the 
accompanying elements of connectedness, is also one of the primary ways in which 
people adopt environmentally conscious behaviors on a cultural level (Pelletier et al. 
1999; Kaplan 2000; Saunders et al. 2006; Powell and Ham 2008; Maller 2009; Nisbet et 
al. 2009). 
 
We aimed to better understand the urban human–apex predator relationship between 
nesting Red-tailed Hawks and the citizens of Reno and Sparks, NV. This urban area is 
expanding rapidly and it serves as a habitat island along the pacific flyway migratory 
route attracting dense populations of hawks. Through interviews with local residents, we 
sought to specifically document: 1) if residents regularly experience with hawks, 2) 
residents’ perceptions of hawks, 3) if livestock and pets are depredated by hawks, 4) if 
chicken ownership or ‘take’ from residents by hawks influences residents’ perception of 
hawks, 5) if perceptions vary with age, and 6) if evidence of hawk persecution exists. We 
also aimed to identify if living near a hawk’s nest promotes positive perceptions of hawks 
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(e.g. being near hawk nesting habitat) or if a direct experience with hawks is necessary 
for living near a nest to translate into a positive perception. Red-tailed Hawks are an ideal 
species for this study because they are the most conspicuous and prevalent raptor in the 
Reno-Sparks urban area, and nest along a larger portion of the urban density gradient 




The conjoined cities of Reno and Sparks, Nevada (39°31′32.5″ N 119°46′ 44.58″ W; 
Figure 1) are situated in the rainshadow of the Sierra Nevada mountain range. The study 
area is bound by ridgelines or topographic features on all sides and is surrounded by rural 
expanses making it one of the urban islands of the Great Basin region. The urban expanse 
has a population of 410,000–420,000 (Truckee Meadows Regional Planning Agency 
2016). Since the 1980s the area has experienced rapid growth and may double in size by 
2050 (Hardcastle 2010; Trammel 2011). The region is expected to add 75,000 residents 
from 2014–2036 further driving urban expansion, development, and conversion of the 
urban fringe (Truckee Meadows Regional Planning Agency 2016). Nesting raptor 
abundance is high regionally, and many of the nests lie on private land (Chapter 1).   
 
Interview design  
We used a semistructured interview to explore the human-hawk relationship in the study 
area. The survey consisted primarily of fixed-response questions followed by an 
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opportunity for residents to elaborate on their responses or deviate from questions in an 
open-ended manner (Sinclair 1975). This semistructured format helps grant interviewees 
the freedom to express their attitude (Chanda 1996; Ringrose et al. 1996). Fixed-response 
questions had positive or negative response choices. The following questions were read 
allowed in a conversational manner: 1) Have you ever had any interactions with hawks 
(e.g. such as experiences with them, do you see them)?, 2) How do you feel about hawks 
being around?, 3) Have you had livestock or pets that have been threatened by hawks?, 
4) Have you ever had to remove hawks from your property? If yes, how did you do this?, 
and 5) Do you raise chickens? We explained that we use the term threatened to mean any 
evidence of, or interaction with, a raptor in which the domestic animal was harmed or 
was in danger of being harmed (e.g. being swooped by a raptor). The second question 
that regarded the perceptions of hawks had an additional response choice of Indifferent. 
Age was recorded as a range (0-10, 11-20, 21-30, 31-40, 41-50, 51-60, 61-70, 71-80, 
+80) but was not collected if the researcher felt that it was inappropriate depending on 
the flow of the interview (n = 15). Other demographic information such as education 
level, housing status (rent or own), gender, and income was not collected as it can be 
perceived as invasive or may influence the power dynamic between the institutional 
researcher and resident. We conducted a pilot study in 2015 to identify redundancies and 
weaknesses in the interview structure, and potential impediments to the conversational 
flow of the interview.  
 
Our survey was designed to provide residents with the freedom to express themselves and 
to minimize the power dynamic between an institutional researcher and an individual 
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approached in their home. Residents were informed that the interview was confidential 
and that no personal identifiers were recorded. Leading questions and hypothetical 
scenarios were avoided (Sinclair 1975; DiCicco-Bloom and Crabtree 2006) and we aimed 
to mitigate the social desirability bias by excluding conservation concepts and certain 
question formats (Krumpal 2013). We did not rank respondents in a comparative manner 
to prevent forms of competition or exaggeration, no incentives were provided for 
participating in the survey. The creation of sound rapport with the interviewee is 
fundamental to the success of any interview. We built sound rapport with residents by 
creating a safe and comfortable position for them, initiated by positive expressions and 
genuineness, and sustained by acceptance and respect for their statements (DiCicco-
Bloom and Crabtree 2006).  
Sampling method 
We surveyed the five houses closest to a nest (recorded as near), and five houses that 
were ≥740 m away from the nest and ≥100 m from each other (recorded as far; Figure 2). 
The distance of 740 m was chosen because it was the mean intraspecific, nearest-nest 
distance for our study during the prior breeding season. Nests were selected for our study 
if they were ≥1000 m from the nearest nest, near free-standing duplexes or single-family 
homes – not adjacent to apartment complexes – ≥5% urban on the urban density spectrum 
when density was calculated within a 1500 m radius around the nest (White et al. (in 
review)), and fledged young in 2016. Twenty-eight Red-tailed Hawk nests in this region 
fit these criteria (see Chapter 1 for full nest searching protocol). Thus, we surveyed 280 
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homes – comparable to the sample size of other raptor related surveys (Mayhew et al. 
2015). 
 
We interviewed residents in late-June and July of 2016. This was the most appropriate 
time of year considering that Red-tailed Hawk’s in this area begin their nesting period in 
February, and fledge between May and mid-June. This enabled us to consult residents at 
the end of the period during which they most intimately and frequently experienced the 
hawks’ nesting activity. We interviewed the first homeowner or renter that we 
encountered on the property. If residents were absent from the property when we 
attempted to conduct the interview, then we returned to the property once more. If they 
were absent twice then we mailed the survey to the address (n = 9). If we received no 
response from the mailed survey or residents declined to be interviewed, then we sampled 
the next closest house (n = 11).  
 
Analysis 
We tested whether proximity to a nest (considered near or far based on our sampling 
method), experiencing hawks, chicken ownership, domestic animal depredation, and 
residents’ age group predicted the residents’ perceptions of hawks (positively vs. 
negatively and indifferent combined) using a generalized linear mixed model (GLMM) 
with a logistic link function. This regression framework allowed us to account for the 
non-independence in our data resulting from homes clustered around individual nests, 
which were represented in the GLMMs as the random effect. We used the same type of 
GLMM to test whether age predicted whether residents’ had experiences with hawks as 
well as residents’ perceptions of hawks. The GLMMs provide more accurate estimates of 
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the standard errors as they take into account that clustered observations may not be fully 
independent of one another (Blackburn and Duncan 2001). 
 
We used a mediation analysis to identify which relationship was of greater predictive 
power: the impact of residents’ proximity to a nest on their perceptions of hawks (direct 
effect) or the same relationship mediated by residents’ experiencing hawks (target model; 
Figure 3A). This model does not account for residents having experiences with hawks 
because they perceive them positively, though our sampling method attempted to address 
this. Therefore, we also conducted an alternative mediational model that identified the 
impact of residents’ proximity to a nest on whether they had experiences with hawks 
versus the same relationship mediated by their perception of hawks (Figure 3B). 
 
Performing mediation analyses presented a conundrum because all three critical variables 
(resident proximity to, interaction with, and perception of hawks) were dichotomous in 
form. Whereas mediation analysis for cases with dichotomous mediators is available in 
principle (MacKinnon and Dwyer 1993, see below), such an analytical approach does not 
take into account the clustered nature of our data. Moreover, such an analysis is subject to 
the critique that the sample distribution of the indirect effect is inherently non-normal, 
which can compromise the validity of inferential statistics such as the Sobel test (Sobel 
1982; MacKinnon and Dwyer, 1993; Preacher & Hayes, 2004).  
 
Thus, we took a two-pronged approach. Initially, we applied a mediation analysis which 
is intended for dichotomous predictor variables and dichotomous outcome variables, but 
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interval-scaled mediator variables. This type of analysis allowed us to take the clustered 
nature of our observations into consideration by modeling differences between nests as a 
random effect (Krull & MacKinnon 2001). We used a bootstrapping approach to help 
remedy the problem of the non-normal distribution of the indirect effect by providing 
accurate confidence intervals (1000 repetitions). This analysis was carried out in 
STATA/MP 14 (STATA Corporation) using the ml_mediation operation. As noted 
above, this approach adjusts for both the clustered nature of the data as well as the known 
non-normal sampling distribution of the indirect effect; however, it is not intended for 
dichotomous mediators.  
 
To corroborate our results, we also used the classic approach by MacKinnon and Dwyer 
(1993), as implemented by Kenny (2013) and Herr (2017), which is specifically intended 
for mediation analysis using dichotomous mediating variables. However, this approach 
ignores the multi-level nature of the data, and, because of its reliance on the popular 
Sobel test, it is subject to criticism, especially if the indirect effect is weak or the sample 
size is small (Gosling and Williams 2010; Peterson et al. 2011). Although this approach 
allowed for the implementation of random effects, we accounted for possible mean 
differences between nests through a series of fixed effects. 
 
RESULTS  
When considering the total sample, 70% of residents viewed hawks as positive, 3% as 
negative, and 27% as indifferent. Interviewees who lived near nests were 29% more 
82 
 
likely to view hawks positively than those who lived far from nests and residents who 
lived far from nests were 88% more likely to respond with indifference. Eighty percent of 
the residents surveyed near nests reported that they had experiences with hawks 
compared to 50% of residents surveyed away from the nests.  
 
Residents who perceived hawks positively or indifferently both had median ages of 40, 
and residents who thought negatively of hawks had a median age of 55 (Figure 4). 
However, age group was not a statistically significant predictor of residents’ perceptions 
of hawks (P = 0.34), nor on whether people had experienced hawks (P = 0.12). 
Additionally, neither chicken ownership, nor domestic animal depredation significantly 
predicted interviewees’ perceptions of hawks (P = 0.52, P = 0.57, respectively). Only one 
person reported that they had removed a nest from their property, but this occurred 
outside the breeding season and no evidence of direct persecution was detected. 
 
Resident proximity to a nest positively influenced whether residents had experienced 
hawks (P = 0.001) and how residents perceived the hawks (P = 0.002; Table 1), and 
resident experiences with hawks positively influenced how residents perceived the hawks 
(P < 0.001). We attempted to disentangle these relationships with our mediation analyses; 
however, the significant presence of these relationships is not necessary for an indirect 
effect to be present (Hayes 2009; Zhao et al. 2010).  
 
The mediation analysis of the target model resulted in a full mediation in which residents’ 
having experiences with hawks mediated the relationship between resident proximity to a 
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nest and their perceptions of hawks (direct effect: P = 0.177, indirect effect: P < 0.001, 
ab = 0.105, 95% CI [0.052, 0.158]; Table 2). These results were supported by the Sobel 
test (Z = 3.97, P < 0.001). To clarify, these findings indicate that while proximity to a 
nest increased the likelihood of residents perceiving hawks positively, having experiences 
with hawks is the primary factor influencing resident perceptions of hawks. The analysis 
of the alternative model resulted in a partial mediation in which resident perception of 
hawks mediated the relationship between resident proximity to a nest and if they had 
experienced hawks but the direct effect maintained a stronger statistical significance 
(direct effect: c = 0.24, P < 0.001, 95% CI [0.137, 0.347]; indirect effect: ab = 0.06, P = 
0.01, 95% CI [0.014, 0.106]; Table 2) indicating that it is slightly more likely that 
residents will experience hawks because they live near them than because they perceive 
them positively. The indirect effect of the target model is nearly twice as large as the 
alternative model when considering the absolute size and three times as large when 
considering proportion of the overall effect mediated, and therefore is the preferable 
model (Table 2).  
 
DISCUSSION 
Our data indicated that the residents generally viewed hawks positively and that living 
near a nest resulted in more experiences with hawks, which increased positive 
perceptions of hawks. In the alternative model our data also indicated that living near a 
nest results in positive perceptions of hawks which increases resident experiences with 
hawks (indirect effect). However, the direct effect of proximity to a nest predicting 
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experiences with hawks remained a more significant predictor and is only partially 
mediated, whereas in the target model the indirect effect fully mediated the same direct 
effect (Table 2; Figure 3). Additionally, the alternative model implies that people will 
experience hawks once they view them positively. The experiences that residents have 
with hawks were more directly a function of the distance between nests and homes (direct 
effect) than a matter of resident choice. The target model also fits the data better than the 
alternative model as assessed by the proportion of the overall effect mediated for the 
respective models (Table 2). To this end the alternative model should not be disregarded 
but the weight of evidence suggests that the target model is optimal. Lastly, it is 
important to mention that residents may have moved to a home because of a nearby hawk 
nest but we view this as relatively unlikely.  
 
Residents experiencing hawks and then perceiving them positively parallels those of 
Kearney (2006) showing that the experience of observing nature – more so than being in 
proximity to nature – was one of the most important factors in resident satisfaction with 
where they live. Additional research has shown that wildlife contacts evoke positive 
emotions such as happiness or pleasure in people, and that wildlife interactions are 
enjoyed to a higher degree when they occur on a daily basis rather than when experienced 
singularly as a part of an organized tour (Raadik and Cottrell 2007). Though 
unquantified, we observed these patterns and positive emotions, such as enthusiasm, 
happiness, or curiosity, informally during our interviews. These emotions likely 
contributed to the high rate of residents who accepted to be interviewed. Additionally, 
experiencing nature is also an important factor in fostering the value systems that lead to 
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promoting conservation and sustainable living (Kaplan and Kaplan 1989; Fisher 2002; 
Nisbet et al. 2009; Powell et al. 2009; Gosling and Williams 2010; Zylstra 2014). 
 
We did not find evidence indicating that persecution is a major concern for hawk 
populations in our study area regardless of whether the residents raised chickens, or had 
domestic livestock or pets threatened by hawks. Many of these residents explained, in an 
open-ended manner, that they viewed raptor depredation as a normal part of living in the 
environment, reflecting a more naturalistic attitude rather than that of the dominionism, 
utilitarianism, or mastery value orientations (Kellert 1984; Manfredo et al. 2003; Peterson 
et al. 2011; Pohja-Mykrä et al. 2012). These residents further elaborated on this topic by 
enthusiastically telling stories of interactions between the young hawks and their dogs, or 
of the hawks closely observing their chickens, for example. Residents also commonly 
mentioned that the hawks are around their livestock but do not bother their animals. 
Based on the comments of these specific residents, we suggest that at least some of this 
viewpoint can be attributed to the phenomenon in which people involved in animal 
husbandry or pet ownership develop greater bonds with nature (Lund et al. 2004).  
 
While age was not reliably linked with whether residents perceived hawks positively or 
negatively, the residents who disliked hawks tended to be older than residents who 
thought positively or indifferently about hawks (Figure 4). The phenomenon that younger 
populations possess a greater interest in and affection for wildlife, including in urban 
areas (Kellert 1984), is a reoccurring pattern (Kellert et al. 1996). Kellert’s (1984) work 
found that urban residents aged 18–35 viewed wildlife in higher moralistic, humanistic, 
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naturalistic, and lower negativistic manners than older residents. Though beyond the 
scope of our study questions, our finding that residents who disliked hawks were 
clustered at higher age ranges raises questions about whether there are fundamental shifts 
in urban American attitudes towards valuing wildlife or whether individuals in urban 
areas become more emotionally detached from nature as they age (Kellert 1984; 
Manfredo et al. 2003; Cornelis et al. 2009). Considering the length of time between 
Kellert’s (1984) work and our survey, it would seem that the latter scenario in which 
individuals in urban areas becoming more emotionally detached from nature with age 
may be the case. However, it is important to recognize that negative perceptions of and 
actions toward nature increasing with age is not a universal pattern, and in some cases the 
contrary occurs (Lepczyk et al. 2004; Bjerke and Ostdahl 2004; Clucas and Marzluff 
2012). 
 
Our study area is an appropriate place in which to investigate persecution as it serves as a 
habitat island used by raptors during multiple phases of their life histories and impacts 
from persecution can affect raptor populations distant from the persecution site (Gonzalez 
et al. 1989). When persecution is common in attractive habitat areas, the potential for a 
habitat sink arises – a scenario in which hawks are attracted to an area but are unable to 
produce enough offspring to prevent an overall net loss in the local population from 
occurring (Whitfield et al. 2004; Mannan et al. 2008). This occurrence can be especially 
critical to juvenile hawks during dispersal (Whitfield et al. 2004). Additionally, this urban 
area is representative of many others in the western United States in its size, and growth 




Our study design contained multiple sources of potential error. For example, interviewees 
may be likely to feel pressured to please the researcher when asked directly about their 
actions towards focal species potentially jeopardizing the accuracy of their responses. 
While we tried to prevent the resident from feeling pressured to please the researcher, 
questions such as Have you ever had to remove hawks from your property? may have 
done so introducing additional error to our study. Another source of error lies in our 
sample-site selection. Though interviewees often mentioned hawk or owl species other 
than Red-tailed Hawks in our conversations, selecting homes near Red-tailed Hawks 
contains inherent biases (including species misidentification in the resident’s 
explanations of their experiences with hawks). Therefore, it is important to note that this 
research presents correlations about human interactions with hawks and their perception 




The results from this study, while accompanying the national increase in recreational bird 
and wildlife watching (Maller et al. 2009; Poudel et al. 2016), have the potential to help 
mitigate the negative impacts of pigeon paradox, which states that human experiences 
with nature in urban settings are critical to the conservation of the natural world in 
general (Dunn et al. 2006). The value of urban wildlife – especially when multiple 
trophic levels can be observed as is often the case with nesting hawks – should be 
recognized and utilized by city planners and education programs to build healthier 
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communities. Red-tailed Hawks, being charismatic and volant, help distribute 
experiences with nature throughout the urban gradient beyond the boundaries of zoos or 
greenspaces. Based on the positive perceptions of hawks held by residents that live near 
nests, and the well-documented positive emotions and impacts of living near wildlife or 
natural systems (Kaplan and Kaplan 1989, Maller et al. 2009; Zylstra 2014), we suggest 
that hawks generally have an important and positive influence upon the lives of residents 
living near them.   
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Table 1. Results from generalized linear mixed models showing the influence of factors 
upon residents’ perception of hawks. Resident perceptions of hawks were recoded as 1 = 
Negative or Indifferent, and 2 = Positive. This logistic regression framework produces 
coefficients based on when the result is not the dependent variable, or when else.    
 
 Factor Observed coef . SE t P 95% CI 
Residents’ 
perception of hawks 
      
Age group 0.082 0.085 0.967 0.34 -0.09, 0.25 
 Raised chickens -0.466 0.722 -0.645 0.52 -1.88, 0.96 
 Had pets or livestock 
depredated by hawks 0.376 0.690 0.545 0.57 -0.98, 1.74 
 Proximity to nest -0.862 0.273 -3.160 0.002 -1.4, -0.33 
 Interacted with hawks -1.658 0.301 -5.514 0.001 -2.25, -1.07 
Residents’ 
interactions with 
hawks      
 
 Proximity to nest -1.486 0.282 -5.274  0.001 -2.04, -0.93 



















Table 2. Results from the mediation analyses for the target model (predictor  = proximity 
to a nest, mediator = resident interaction with hawks, and response = resident perception 
of hawks) and alternative model (predictor = proximity to a nest, mediator = resident 
perception of hawks, and response = resident interaction with hawks). The Sobel z test 





error z P 95%  Conf. Int. 
Target model      
Indirect effect 
Direct effect 
0.105    0.027      3.87    <0.001 0.05, 0.16  
0.076 0.056      1.35 0.177 -0.03, 0.19  
Total effect 0.181 0.057 3.17 0.002 0.07, 0.29 
Sobel test    3.97 <0.001  
      
Alternative model      
Indirect effect 0.060 0.023 2.55 0.011 0.01, 0.11 
Direct effect 0.242 0.054 4.52 <0.001 0.14, 0.35 
Total effect 0.302 0.052 5.78 <0.001 0.19, 0.40 















































Figure 2. The surveyed homes associated with each nest: the five homes closest to a nest, 































Figure 3. Mediation analyses. A) Target model: the direct effect of resident proximity to 
a nest and their perceptions of hawks, and the indirect effect of resident proximity to a 
nest, resident experiencing hawks, and resident perception of hawks. B) Alternative 
model: the direct effect of resident proximity to a nest and whether they have experienced 
with hawks, and the indirect effect of resident proximity to a nest, their perceptions of 
hawks, and resident experiencing hawks. ‘***’ indicates P < 0.001. a, b, c = observed 






































Appendix from Chapter 2. Akaiki information criterion (AICc) tables used for model 
selection. K, number of model parameters; wi , AICc model weight; LL, log likelihood. 
UD = Urban density. LC = Land cover (type). The number after UD or LC refers to the 
area within the nest which urban density or land cover was calculated and include: 1, 
nest-site scale (11.3 m radius around the nest); 2, macrohabitat scale (250 m radius); 3, 
average intraspecific, nearest-nest midpoint scale (740 m radius); 4, the landscape scale 
(1500 m radius). *covariate run as a quadratic term in the regressions. 
 
Table 1. Models of the diversity of prey items consumed by nestlings grouped as low, 
medium, or high relative to urban density and land cover at four spatial scales.  
     
Model terms K AICc ΔAICc wi LL 
LC4 6 199.29 0 0.4 -93.13 
UD2 + UD22 + LC3 8 200.2 0.91 0.26 -98.03 
Null 2 202.1 2.81 0.1 -92.14 
UD2 + UD22 4 203.43 4.14 0.05 -97.48 
UD4 + UD42 4 203.63 4.34 0.05 -97.57 
UD3 + UD42 4 203.69 4.41 0.04 -97.61 
UD1 + UD12 4 203.98 4.69 0.04 -97.75 
LC3 6 204.17 4.88 0.04 -95.57 
LC2 6 206.46 7.17 0.01 -96.71 
LC1 6 207.11 7.82 0.01 -97.04 
UD1 + UD12 + LC3 8 207.73 8.44 0.01 -94.95 
UD3 + UD32 + LC1 8 210.85 11.56 0 -96.51 
 
 
Table 2. Multinomial models of the prey items consumed by nestlings classified as avian, 
squamatian, or mammalian relative to urban density and land cover at four spatial scales.  
     
Model terms K AICc ΔAICc wi LL 
UD2 + UD22 + LC3 14 224.826 0.00 0.64 0.64  
UD2 + UD22 6 227.899 3.07 0.14 0.78  
UD3 + UD32 6 228.381 3.55 0.11 0.89  
UD3 + UD32 + LC1 14 229.530 4.70 0.06 0.95  
UD4 + UD42 6 230.364 5.54 0.04 0.99  
UD4 + UD42 + LC1 14 234.230 9.40 0.01 1.00  
Null 2 236.149 11.32 0.00 1.00  
UD1 +UD12 + LC2 14 239.905 15.08 0.00 1.00  
UD1 + UD12 6 242.064 17.24 0.00 1.00  
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Table 3. Total feeding events relative to urban density and land cover at four spatial 
scales. 
Model terms K AICc ΔAICc wi LL 
UD1 + UD2 4 381.02 0 0.3 0.3 
Null 2 381.03 0.01 0.3 0.61 
UD1 + UD12 + LC3 8 383.5 2.48 0.09 0.69 
UD3 + UD32 4 383.69 2.67 0.08 0.77 
UD4 + UD42 4 384.14 3.12 0.06 0.84 
LC3 6 384.74 3.73 0.05 0.88 
LC4 6 384.94 3.92 0.04 0.93 
UD2 + UD22 4 385.2 4.18 0.04 0.96 
LC1 6 387.05 6.04 0.01 0.98 
LC2 6 387.43 6.41 0.01 0.99 
UD2 + UD22 + LC4 8 389.31 8.29 0 1 
UD3 + UD32 + LC1 8 389.89 8.88 0 1 
 
 
Table 4. Proportion of feeding events (ratio of female/male) relative to urban density and 
land cover at four spatial scales. 
Model terms K AICc ΔAICc wi LL 
UD3 + UD32 4 64.87 0 0.3 0.3 
UD1 + UD2 4 65.02 0.15 0.28 0.58 
UD3 + UD32 + LC1 8 65.69 0.82 0.2 0.77 
Null 2 67.94 3.07 0.06 0.84 
UD1 + UD12 + LC3 8 68.65 3.78 0.05 0.88 
UD2 + UD22 4 69.1 4.23 0.04 0.92 
LC2 6 69.94 5.07 0.02 0.94 
LC3 6 70.27 5.4 0.02 0.96 
UD4 + UD42 4 70.38 5.51 0.02 0.98 
LC1 6 71.22 6.35 0.01 0.99 
LC4 6 73.15 8.28 0 1 
UD2 + UD22 + LC4 8 76.21 11.34 0 1 
 
 
Table 5. Proportion of delivery events (ratio of male/female) relative to urban density and 
land cover at four spatial scales. 
Model terms K AICc ΔAICc wi LL 
Null 2 113.37 0 0.34 0.34 
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UD4 + UD42 4 113.44 0.07 0.32 0.66 
UD3 + UD32 4 115.28 1.91 0.13 0.79 
UD1 + UD2 4 116.53 3.16 0.07 0.86 
UD2 + UD22 4 117.32 3.95 0.05 0.9 
UD3 + UD32 + LC1 8 118.36 4.99 0.03 0.93 
LC1 6 118.68 5.31 0.02 0.96 
LC4 6 119.43 6.06 0.02 0.97 
LC3 6 119.66 6.29 0.01 0.99 
LC2 6 120.31 6.94 0.01 1 
UD2 + UD22 + LC4 8 123.71 10.34 0 1 
UD1 + UD12 + LC3 8 123.83 10.46 0 1 
 
 
Table 6. Nest success relative to urban density and land cover at four spatial scales. 
Model terms K AICc ΔAICc wi LL 
LC3 6 -50.06 0 0.65 0.65 
LC2 6 -46.59 3.47 0.12 0.77 
Null 2 -46.51 3.55 0.11 0.88 
LC4 6 -44.01 6.05 0.03 0.91 
UD3 + UD32 4 -42.71 7.35 0.02 0.93 
UD1 + UD2 4 -42.52 7.53 0.02 0.94 
UD2 + UD22 4 -42.52 7.54 0.02 0.96 
UD1 + UD12 + LC3 8 -42.27 7.78 0.01 0.97 
UD4 + UD42 4 -42.23 7.83 0.01 0.98 
LC1 6 -41.9 8.16 0.01 0.99 
UD2 + UD22 + LC4 8 -39.93 10.13 0 1 
UD3 + UD32 + LC1 8 -37.2 12.86 0 1 
 
 
Table 7. Number of fledglings relative to urban density and land cover at four spatial 
scales. 
Model terms K AICc ΔAICc wi LL 
Null 2 243.14 0 0.36 0.36 
UD1 + UD2 4 244.01 0.87 0.23 0.59 
UD3 + UD32 4 245.08 1.93 0.13 0.72 
UD4 + UD42 4 245.78 2.63 0.1 0.82 
UD2 + UD22 4 246.34 3.2 0.07 0.89 
LC1 6 247.71 4.56 0.04 0.92 
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LC4 6 247.84 4.7 0.03 0.96 
LC4 6 249.91 6.76 0.01 0.97 
UD3 + UD32 + LC1 8 250.19 7.05 0.01 0.98 
LC2 6 250.92 7.78 0.01 0.99 
UD2 + UD22 + LC4 8 250.94 7.79 0.01 0.99 
UD1 + UD12 + LC3 8 251.37 8.23 0.01 1 
 
 
Table 8. Fledge rate per nest relative to urban density and land cover at four spatial 
scales. 
Model terms K AICc ΔAICc wi LL 
LC4 6 5.92 0 0.69 0.69 
Null 2 9.4 3.48 0.12 0.81 
UD2 + UD22 + LC4 8 10.05 4.13 0.09 0.89 
UD3 + UD32 4 12.01 6.08 0.03 0.93 
UD2 + UD22 4 13.01 7.08 0.02 0.95 
LC2 4 13.12 7.2 0.02 0.96 
UD1 + UD2 4 13.51 7.59 0.02 0.98 
LC3 6 14.74 8.82 0.01 0.99 
LC2 6 14.96 9.04 0.01 1 
LC1 6 17.14 11.22 0 1 
UD1 + UD12 + LC3 8 19.37 13.45 0 1 
UD3 + UD32 + LC1 8 19.8 13.88 0 1 
 
 
